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“Science, my lad, is made up of mistakes,
but they are mistakes which it is useful to make,
because they lead little by little to the truth.”
Jules Verne, Journey to the Center of the Earth
“There is nothing like looking, if you want to find something.
You certainly usually find something, if you look,
but it is not always quite the something you were after.”
J.R.R Tolkien, The Hobbit
Cap´ıtulo 1
Introduccio´n
“Existen, pues, innumerables soles; existen infinitas tierras que giran igualmente en torno a
dichos soles, del mismo modo que vemos a estos siete (planetas) girar en torno a este sol
que esta´ cerca de nosotros.”
Giordano Bruno,
De L’Infinito Universo E Mondi, 1584.
El intere´s por el cielo fue probablemente una de las primeras manifestaciones que se puedem
considerar como cient´ıficas de nuestros ancestros. Despue´s de siglos de especulaciones y de
debates filoso´ficos, los descubrimientos del primer planeta fuera del Sistema Solar, alrededor
del un pu´lsar (Wolszczan & Frail 1992) y alrededor de una estrella de la secuencia principal
(MS, del ingle´s main-sequence) (Mayor & Queloz 1995), han inaugurado una nueva era de
mu´ltiples consecuencias para la astronomı´a y las ciencias relacionadas. Estos planetas son
denominados planetas extrasolares o simplemente exoplanetas. A pesar de las limitaciones
observacionales (e.g., ver Mayor et al. 2004), ma´s de 1890 exoplanetas han sido descubiertos
hasta hoy1.
La configuracio´n orbital, las dimensiones de los exoplanetas y el estudio de sus estrellas
centrales han provocado una revisio´n intensiva en las teor´ıas de la formacio´n y migracio´n
planetaria, la aparicio´n de nuevos temas de investigacio´n, como por ejemplo la influencia
de la composicio´n qu´ımica de las envolturas circumestelares en los precesos de formacio´n
planetaria (Wolf 2005, y referencias en e´l).
Los modelos actuales de formacio´n planetaria intentan explicar ciertas propiedades de los
sistemas conocidos, diferentes de los del Sistema Solar. Varios autores han discutido este
tema, como Pollack et al. (1996), Lin et al. (1996), Santos et al. (2004), Ribas & Miralda-
Escude´ (2007). Se puede citar, por ejemplo, la existencia de un gran nu´mero de “ju´piteres
calientes” – planetas gigantes con per´ıodos orbitales de pocos d´ıas–, que se puede explicar por
1Ver http://exoplanet.eu para el cata´logo completo y actualizaciones.
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la migracio´n planetaria; la alta excentricidad de algunas o´rbitas, incluso en sistemas mu´ltiples,
donde la interaccio´n gas-disco-protoplanetario deber´ıa en principio volver las o´rbitas en cir-
culares rapidamente; la escala de tiempo de formacio´n de los planetas gigantes por acrecio´n
parece ser excesivamente grande en relacio´n a la duracio´n del disco; y la correlacio´n aparente
entre la metalicidad de las estrellas y la presencia de un sistema planetario en su alrededor,
entre otras.
1.1 Escenario de los exoplanetas
Como se menciono´ anteriormente, el primer objeto con masa planetaria fue descubierto en
o´rbita a una estrella MS en 1995 (Mayor & Queloz 1995). Este descubrimiento revelo´ un
sistema planetario peculiar, donde un planeta con aproximadamente la mitad de la masa de
Ju´piter orbita su estrella central, 51 Pegasi, en un per´ıodo orbital de cerca de 4.2 d´ıas, a
una distancia de tan so´lo 0.052 AU. Los autores usaron la te´cnica de velocidad radial. Desde
entonces, con el uso de e´sta y otras te´cnicas, ha habido un crecimiento exponencial del nu´mero
de exoplanetas conocidos, y de la variedad de taman˜os y densidades de estos exoplanetas.
Describiremos ahora los dos principales me´todos de caza de exoplanetas.
Al inicio, los exoplanetas fueron detectados basicamente por el efecto Doppler o la te´cnica
de velocidad radial (RV, del ingle´s radial velocity), donde la perturbacio´n gravitacional cau-
sada por dichos planetas en sus estrellas centrales es medida por:
K =
(
2 · pi ·G
P
)1/3
· Mp · sin i
(Ms +Mp)2/3
· 1√
1− e2 , (1.1)
dondeK es la semiamplitud RV, G es la constante gravitational, P es el per´ıodo orbital,Mp y
Ms son las masas del planeta y de la estrella, respectivamente, i es la inclinacio´n orbital y e es
la excentricidad de la o´rbita. Este me´todo, dadas las limitaciones observacionales, produce un
fuerte sesgo observacional, debido a la ley de Newton, que favorece los planetas masivos que
esta´n cerca a sus estrellas centrales. Los planetas as´ı descubiertos tienen un incertidumbre
en sus masas, dado que so´lo se puede solucionar la ecuacio´n mediante la obtencio´n de una
masa mı´nima para el planeta, Mp · sin i, y la inclinacio´n orbital no puede ser determinada
por el uso de esta te´cnica solamente.
El tra´nsito de un exoplaneta fue observado por el me´todo del tra´nsito por primera vez en
2000 (Charbonneau et al. 2000; Henry et al. 2000). El exoplaneta HD 209458b fue descubierto
inicialmente con el uso de la te´cnica de velocidad radial (Mazeh et al. 2000), sin embargo, su
masa planetaria fue completamente confirmada tan so´lo despue´s del analisis de la curva de
luz de la estrella, obtenida con el Telescopio Espacial Hubble (HST, del ingle´s Hubble Space
Telescope) por Brown et al. (2001). Estos autores han determinado la inclinacio´n orbital del
sistema por la observacio´n de la curva de luz que presentaba una reduccio´n de 2% de flujo,
causada por el paso del planeta frente el disco estelar.
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Los para´metros derivados para los exoplanetas dependen del me´todo de deteccio´n uti-
lizado. Como mencionado anteriormente, la te´cnica de velocidad radial proporciona la masa
del planeta en funcio´n de la inclinacio´n orbital (Mp · sin i). Ella permite estimar tambie´n
el semieje mayor de la o´rbita y la excentricidad. El me´todo del tra´nsito provee el radio del
planeta en funcio´n del radio de la estrella, siendo:
∆F
F
=
(
Rp
Rs
)2
, (1.2)
donde F es el flujo de la estrella, ∆F es la reduccio´n de flujo observada en la curva de luz y
Rp y Rs son los radios del planeta y de la estrella, respectivamente.
La figura 1.3 presenta un esquema que ilustra la informacio´n adicional que se puede
obtener de un tra´nsito observado (Charbonneau et al. 2000, fig. 4) proporcionando, aparte
del cociente de los radios (d), el me´todo del tra´nsito ofrece el semieje mayor obtenido de la
duracio´n del tra´nsito (l), la inclinacio´n orbital derivada de la duracio´n del ingreso o de la
salida (w), y el grado del oscurecimiento hacia el borde (limb-darkening) de la estrella (c).
Todo esto, cuando combinados con los para´metros obtenidos de las medidas de velocidad
radial, pemite el completo entendimiento de un sistema exoplanetario.
Hasta el inicio de 2010, la gran mayor´ıa de los exoplanetas fuero detectados por la te´cnica
de la velocidad radial. Solamente cerca de 80 exoplanetas conocidos (dentre aproximadamente
450 exoplanetas) tuvieron sus tra´nsitos observados. Eso sucedio´ debido a las limitaciones
observacionales, que tanbie´n favorecen per´ıodos orbitales cortos y inclinaciones orbitales cerca
a 90 grados. Adema´s, hab´ıa tambie´n una limitacio´n en la precisio´n de las observaciones hechas
Figura 1.1: RV de 51 Peg en fase, demostrando un per´ıodo de ∼4.2 d´ıas y una semiamplitud,
K, of 55.9 ms−1 (Marcy et al. 1997, fig. 3).
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Figura 1.2: Curva de luz plegada de HD 209458, considera´ndose P = 3.52474 d´ıas, donde
se presenta una reduccio´n de cerca de 2% del flujo relativo de la estrella. Datos del HST
(Charbonneau et al. 2000, fig. 3).
Figura 1.3: Esquema presentado por Charbonneau et al. (2000, fig. 4), demostrando los
para´metros adquiridos de la forma de la curva de luz: el cociente de los radios derivado de la
profundidad del eclipse (d), el semieje mayor de la duracio´n del tra´nsito (l), la inclinacio´n orbital
de la duracio´n del ingreso/salida (w), y el grado del oscurecimiento hacia el borde (c).
del suelo (ground-based), beneficiando los planetas gigantes (es decir, grande valores para el
cociente de los radios del planeta y de la estrella madre).
Con el lanzamiento de los sate´lites CoRoT y Kepler, el nu´mero de exoplanetas detectados
por el me´todo del tra´nsito ha aumentado para ma´s de mil, incluyendo planetas gaseosos
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como Ju´piter y planetas pequen˜os y rocosos. No obstante, la mayor´ıa de estos planetas no
han sido confirmados por medidas de velocidad radial todav´ıa. Para superar las limitaciones,
ana´lisis estad´ıstico son hechos con la finalidad de validar estos candidatos (por ejemplo,
procedimientos conocidos como BLENDER de Torres et al. 2011 y PASTIS de Dı´az et al.
2014).
1.2 Deteccio´n de luz planetaria
El eclipse secundario (SE, del ingle´s secondary eclipse) de un exoplaneta ocurre cuando este
objeto pasa por detra´s de su estrella madre, siendo posible la medicio´n de la contribucio´n de
la luz del planeta. La figura 1.4 presenta un ilustracio´n del tra´nsito primario y del eclipse
secundario, y la cantidad total de luz (estrella ma´s planeta).
Figura 1.4: Ilustracio´n de la luz observada en diferentes fases de un exoplaneta. (Cre´dito de
la imagen: Josh Winn.)
El cociente de los flujos del planeta y de la estrella, en cierta longitud de onda (λ), puede
ser expresada por
fp,λ
fs,λ
= A
(
Rp
a
)2
+
Bλ(Tday)
Bλ(Ts)
(
Rp
Rs
)2
, (1.3)
donde A es el albedo, Rp es el radio del planeta, Rs es el radio de la estrella central, a es el
semieje mayor de la o´rbita y Bλ es el flujo por unidad de area, suponiendo que el planeta y
la estrella emiten como cuerpo negro. Tday es la temperatura de brillo en el lado de d´ıa del
planeta y Ts es la temperatura de brillo de la estrella, para un λ dado. El primer te´rmino
de esta ecuacio´n representa la contribucio´n de la luz reflejada y el segundo te´rmino es la
contribucio´n de la emisio´n te´rmica.
Cuando observado en la regio´n del infrarrojo (IR), el eclipse secundario revela la medida
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de la emisio´n te´rmica del exoplaneta en cuestio´n. Es posible, entonces, estimar la temperatura
de brillo en el lado de d´ıa, para una cierta longitud de onda, a partir de la profundidad del
eclipse observado, siendo
∆FSE
F
≈ Bλ(Tday)
Bλ(Ts)
(
Rp
Rs
)2
, (1.4)
suponiendo que el flujo de la estrella es mucho ma´s grande que el flujo del planeta, donde
∆FSE es la reduccio´n en flujo presente en la curva de luz causada por el eclipse secundario y
F es el flujo total del sistema.
Por la observacio´n de dicho eclipses, se puede encontrar indicios de la configuracio´n orbital
del exoplaneta en cuestio´n. El tiempo del evento proporciona la excentricidad (e) del sistema
en la forma e ·cosω, donde ω es el argumento del periastro. Si la excentricidad es previamente
conocida de la espectroscop´ıa, por ejemplo, esto puede proporcionar entonces el argumento
del periastro, como sigue:
e · cosω = pi
P
· (tII − tI − P/2)
1 + csc2 i
, (1.5)
donde tII−tI es la diferencia de tiempo entre el eclipse secundario (tII) y el tra´nsito planetario
(tI) (Lo´pez-Morales et al. 2010, y referencias).
Charbonneau et al. (2005) ha observado el eclipse secundario de un exoplaneta conocido,
por primera vez, con el telescopio espacial Spitzer. Estos autores han detectado la luz emitida
por el planeta TrES-1b en el infrarrojo medio (4.5 and 8.0 µm). En 8.0 µm, por ejemplo,
ellos han medido una reduccio´n de ma´s de 0.2% (∆F = 0.00225) en la curva de luz, como
se ensen˜a en la figura 1.5. El mejor ajuste obtenido por ellos presenta un desplazamiento de
fase, que es la desviacio´n del tiempo del centro del eclipse secundario esperado, de ∆φ = +8.3
minutos. Con base en este resultado, los autores han estimado e · cosω ≃ 0.0030, poniendo
una restriccio´n a la excentricidad del sistema. De la profundidad observada del eclipse, la
temperatura de brillo de T8.0µm = 1230 K fue estimada.
Figura 1.5: Eclipse secundario de TrES-1b detectado con Spitzer, en 8.0 µm (Charbonneau et
al. 2005, fig. 1, panel superior).
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El siguiente desaf´ıo fue detectar eclipses secundarios desde el suelo (ground-based), lo que
occurrio´ en 2009 (de Mooij & Snellen 2009; Sing & Lo´pez-Morales 2009). En el infrarrojo
cercano, en 2.2 µm (banda K), de Mooij & Snellen (2009) han observado una reduccio´n en la
curva de luz de TrES-3 de cerca de 0.24% y una desviacio´n del tiempo previsto para el eclipse
de −0.0041, resultando en un e ·cosω de −0.0066. El mejor modelo ajustado es presentado en
la figura 1.6. Basado en sus resultados, los autores han estimado una temperatura de brillo
en el lado de d´ıa de TrES-3b, en la banda K, de TK ≃ 2040 K.
Figura 1.6: Eclipse secundario de TrES-3b detectado con un telescopio desde el suelo (ground-
based), en 2.2 µm (banda K), mostrando una disminucio´n en el flujo de ∼0.24% (de Mooij &
Snellen 2009, fig. 4).
Las estimaciones de la temperatura de brillo de un exoplaneta permite el estudio de
la temperatura y estructura de su atmo´sfera (Burrows et al. 2005). Por ejemplo, es posible
determinar cambios de temperatura entre d´ıa y noche en la atmo´sfera de este exoplaneta como
un reflejo de la distribucio´n de energ´ıa en e´l (e.g. Burrows et al. 2005; Knutson et al. 2007).
Cuando son combinadas con mediciones en el infrarrojo medio, las detecciones en el infrarrojo
cercano permiten la caracterizacio´n de los perfiles de temperatura. Esto ha sido hecho, por
ejemplo, por Croll et al. (2010a, 2010b) para TrES-2b y TrES-3b, respectivamente, donde
ellos han presentado evidencias de inversio´n de temperatura debido al nivel de irradiacio´n en
sus atmo´sferas utilizando un telescopio de 3,6 metros.
La figura 1.7 muestra el resultado obtenido para TrES-2b (Croll et al. 2010a). Los autores
han encontrado una profundidad del eclipse de 0.062% y un l´ımite superior para el |e · cosω|
de 0.0090. La temperatura de brillo obtenida fue de TKs ≃ 1636 K en la banda Ks.
Las observaciones del Spitzer existentes han mostrado que los ju´piteres calientes son
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Figura 1.7: Eclipse secundario de TrES-2b detectado desde el suelo, en la banda Ks. Panel
superior: Curva de luz sin binear. Segundo panel: Curva de luz con datos bineados a cada 7
minutos. Tercer panel: Datos bineados despue´s de la sustraccio´n de la funcio´n de fondo. Panel
inferior: Residuos bineados del modelo de mejor ajuste. Las l´ıneas so´lidas muestran el mejor
ajuste (Croll et al. 2010a, fig. 7).
fuertemente calentados por sus estrellas centrales, con temperaturas de brillo t´ıpicas entre
1000 y 2000 K. Adema´s, estas observaciones han revelado que los planetas gigantes gaseosos
que transitan pueden estar divididos en distintas clases en base en sus distribuciones de energ´ıa
espectral en el infrarrojo. Fortney et al. (2008) y Burrows et al. (2008) propusieron que los
exoplanetas irradiados deben estar divididos en aquellos con o sin estratosferas calientes.
Algunos estudios sugieren que una fuente de opacidad en la alta capa de la atmo´sfera del
planeta puede llevar a una estratosfera caliente y que bandas moleculares son las responsables
de la emisio´n debido a esta inversio´n de la temperatura.
Sin embargo, este es todav´ıa un tema pole´mico. Algunos exoplanetas parecen no seguir esa
tendencia. Por ejemplo, XO-1b presenta evidencias de una inversio´n de temperatura aunque
reciba baja irradiacio´n (Machalek et al. 2008) y TrES-3b no presenta ninguna inversio´n a pesar
de recibir alta irradiacio´n (Fressin et al. 2010). Los modelos sin inversio´n de temperatura
presentan fuerte emisio´n en las bandas JHK y aque´llos con inversio´n de temperatura producen
emisio´n de´bil en el infrarrojo cercano, pero emisio´n ma´s fuerte en el infrarrojo medio (Fortney
et al. 2006; Croll et al. 2010a). Medidas de emisiones en el IR cercano pueden echar luz al
problema y ayudar en el entendimiento de las atmo´sferas planetarias.
Desde 2009, solamente un pequen˜o nu´mero de eclipses secundarios han sido detectados
desde del suelo con el uso de telescopios de 3-4 m. Sin embargo, con la te´cnica adecuada,
la precisio´n necesaria puede ser obtenida con estos telescopios relativamente pequen˜os sin
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necesitar de grandes inversiones de instrumentos.
1.3 WTS: WFCAM Transit Survey
El WFCAM Transit Survey (WTS) es un grupo colaborativo enfocado al descubrimiento
y estudio de planetas extrasolares alrededor de estrellas fr´ıas. Este proyecto recibio´ 200
noches con la ca´mara de campo largo (WFCAM, del ingle´s Wide Field Camera) del telescopio
infrarrojo del Reino Unido de 3.8 m (UKIRT, del ingle´s UK Infrared Telescope), fue disen˜ado
para optimizar la bu´squeda de planetas desde el suelo por medio del me´todo del tra´nsito en
longitudes de onda del infrarrojo.
El WTS se ejecuto´ como un programa de reserva en el UKIRT, de 2009 a 2012, real-
izado solamente cuando las condiciones observacionales no eran suficientemente buenas para
los programas principales (seeing > 1 arcsec). La bu´squeda ten´ıa cuatro campos distin-
tos, con ascensio´n recta de 03, 07, 17 y 19 horas, seleccionados de manera que estuvieran
suficientemente cerca del plano gala´ctico para maximizar la densidad estelar y minimizar
la contaminacio´n por estrellas gigantes, sin embargo suficientemente lejos para aumentar el
nu´mero de estrellas tipo M en el campo visual. El campo ma´s completo es el de 19 horas,
con aproximadamente 950 e´pocas. La descripcio´n completa de este proyecto fue presentado
por Kova´cs et al. (2013, y referencias).
Las observaciones de serie temporal fueron hechas en la banda J (en 1.25 µm), porque
esta longitud de onda esta´ cerca al ma´ximo de la distribucio´n de energ´ıa espectral (SED, del
ingle´s Spectral Energy Distribution) de una t´ıpica enana M. Los campos fueron observados
tambie´n un vez en otras bandas del WFCAM (Z,Y,H,K), al inicio del programa. Estrellas con
el tipo espectral ma´s tempranos que las M son ma´s de´biles en la banda J, pues sus ma´ximos
de emisio´n ocurren en longitudes de onda ma´s cortas. Como fue descrito por Kova´cs et al.
(2013), ma´s de 1840 enanas M, dentre las clases M0 y M2, y casi 1680 estrellas dentre M2
y M4 fueron identificadas y clasificadas so´lo en el campo de 19 horas, totalizando cerca de
4600 estrellas tipo M en la muestra.
Las curvas de luz generadas en la banda J, de todas las funtes ma´s brillantes que J =
17 mag del campo de 19 horas han sido analizadas por medio del algoritmo de bu´squeda de
tra´nsitos OCCFIT (Aigrain & Irwin 2004). El ana´lisis ha proporcionado la deteccio´n de
decenas de tra´nsitos tipo planetarios. Considera´ndose los tra´nsitos con per´ıodos menores que
10 d´ıas, el survey WTS ha encontrado que, para toda la muestra de enanas M de M0 a M4,
1,7-2,0 por ciento puede albergar un ju´piter caliente.
A pesar de la optimizacio´n del survey para las enanas M, la distribucio´n desigual de
e´pocas de esta bu´squeda ha permitido la deteccio´n de tra´nsitos de ju´piteres calientes tambie´n
alrededor de estrellas tipo F tard´ıo, G y K. Dos de ellos, llamados posteriormente de WTS-1b
(Cappetta et al. 2012) y WTS-2b (Birkby et al. 2014), han sido confirmados con la ayuda de
observaciones espectrosco´picas de alta resolucio´n (R=60000), obtenidas con el espectro´grafo
de alta resolucio´n (HRS, del ingle´s High Resolution Spectrograph), del telescopio Hobby-
10 Introduccio´n
Eberly (HET), con una apertura efectiva de 9,2 m. Los espectros adquiridos fueron usados
para medir la variaciones de velocidad radial de la estrella central y determinar los para´metros
orbitales de ambos sistemas.
Hasta el presente, todas las estrellas M con tra´nsitos observados parecidos a tra´nsitos
planetarios no se han podido confirmar todav´ıa. La mayor´ıa de esas estrellas son demasiado
de´biles para los instrumentos utilizados por el consorcio.
1.4 The CASE study: the Calar Alto Secondary Eclipse study
El proyecto para el estudio de eclipse secundario del Calar Alto (the CASE study, del ingle´s
The Calar Alto Secondary Eclipse study) fue un programa observacional dedicado a observar
eclipses secundarios de exoplanetas conocidos que orbitan muy cerca a sus estrellas, en el
infrarrojo, desde el suelo, donde la contribucio´n del planeta a la cantidad total de luz es
detectable.
Con el objetivo de aumentar la probabilidad de deteccio´n desde el suelo, un estudio inicial
fue hecho para seleccionar los objetos que optimizar´ıan las observaciones. Entre los exoplan-
etas conocidos, descubiertos por el me´todo del tra´nsito, dos fueron elegidos: WASP-10b
(Christian et al. 2009) y Qatar-1b (Alsubai et al. 2011). Estos objetos fueron seleccionados
por el relativamente alto valor del cociente de los radios del planeta y de la estrella, Rp/R∗
de ∼ 0.141 (WASP-10b) y de ∼ 0.144 (Qatar-1b), y por el brillo de la estrella madre en el in-
frarrojo cercano, en la banda K. La figura 1.8 ilustra dicha seleccio´n, donde los puntos grises
son los exoplanetas que transitan, los c´ırculos rojos presentan nuestros objetos de estudio
y los c´ırculos negros muestran ejemplos de exoplanetas que tienen tra´nsitos secundarios ya
observados desde el suelo.
Las observaciones han sido realizadas en el observatorio del Calar Alto (CAHA), en
Almer´ıa, Espan˜a. Hemos utilizado el filtro de la banda Ks (en 2.14 µm) del instrumento
OMEGA2000, que es una ca´mara de gran campo en el infrarrojo cercano, montada en el
telescopio de 3.5 m. La adquisicio´n de los datos fue realizada durante un eclipse secundario
suponiendo o´rbitas circulares para los dos casos. Los datos fueron obtenidos estando el tele-
scopio fuertemente desenfocado, lo que resulto´ en una PSF de forma de anillo, con el objetivo
de reducir las variaciones intrapixeles y minimizar el impacto del los errores del flat-field,
siguiendo a Croll et al. (2010a; 2010b; 2011).
Se extrajo fotometr´ıa diferencial, donde hemos comparado el flujo del objeto-problema
al flujo de un nu´mero de estrellas de referencia presentes en el campo. Estos datos esta´n
afectados por efectos sistema´ticos que fueron identificados y eliminados con el objetivo de
detectar el evento, sin embargo, esto fue hecho con precaucio´n para no borrar el evento junto
con los sistema´ticos. La te´cnica elegida fue el ana´lisis del componente principal (PCA, del
ingle´s Principal Component Analysis), usado por primera vez para este propo´sito, donde
hemos buscado patrones causados por varios para´metros instrumentales y estudiado como
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Figura 1.8: Magnitud de estrellas que albergan planetas en la banda K versus el cociente de
los radios del planeta y de la estrella de exoplanetas conocidos que transitan.
ellos afectaban la curva de luz. Esta te´cnica fue realizada considera´ndose las estrellas de
referencia y la estrella-problema.
Estas observaciones fueron importantes para restringir configuraciones orbitales conocidas
de los dos sistemas, como la excentricidad y la longitud del periastro. Ellas tambie´n han
revelado la temperatura de billo de ambos exoplanetas en la banda Ks.
1.5 El objetivo de la tesis
Una combinacio´n de publicaciones sobre los temas de esta tesis seraa´ presentada en los
cap´ıtulos siguientes. Mi participacio´n en cada art´ıculo sera´ clarificada abajo.
El Cap´ıtulo 3 esta´ dedicado a la caracterizacio´n de dos estrellas que albergan planetas del
WFCAM Transit Survey. WTS-1b (Cappetta et al. 2012) es un Ju´piter caliente con masa
de Mp = 4.01 ± 0.35MJ y radio de Rp = 1.490.160.18RJ . Orbita su estrella central, una enana
F tard´ıa de la secuencia principal (V=16.13) con posible metalicidad ligeramente subsolar,
en un per´ıodo de 3.35 d´ıas. WTS-2b (Birkby et al. 2014) es un ju´piter caliente muy cercano
a su estrella, con masa y radio de Mp = 1.12MJ y Rp = 1.30RJ , respectivamente, en una
o´rbita de 1,02 d´ıas. La estrella central de este sistema es una estrella K2V, con temperatura
efectiva de 5000 K, gravidad superficial cercana a log g = 4.5 y metalicidad de [Fe/H] = +0.2
dex. Ambas publicaciones no esta´n enteramente incluidas aqu´ı, solamente los contenidos
relacionados a la caracterizacio´n de la estrella, pues mi participacio´n ha sido enfocada en la
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determinacio´n de los para´metros estelares.
Yo realice´ las observaciones en baja resolucio´n espectral de WTS-1 con CAFOS, del
telescopio de 2,2 m del observatorio del Calar Alto, as´ı como los procedimientos de reduccio´n
de datos descritos en la Seccio´n 3.2.1. Estuve parcialmente involucrada en el ana´lisis de
la distribucio´n espectral de energ´ıa (SED), presentada en la Seccio´n 3.2.2, donde hemos
usado la aplicacio´n VOSA (del ingle´s, Virtual Observatory SED Analyser) para definir el
tipo espectral de la estrella central basado en los datos fotome´tricos disponibles. Siguiendo
con la determinacio´n del tipo espectral, yo realice´ inicialmente una comparacio´n de espectros
observados con CAFOS a un conjunto de espectros de estrellas de tipos espectrales conocidos.
A continuacio´n, estime´ los para´metros estelares por la comparacio´n del espectro observado
de la estrella-problema con una librer´ıa de espectros estelares sinte´ticos de alta resolucio´n,
como sera´ mostrado tambie´n en la Seccio´n 3.2.2. Los resultados de este ana´lisis fueron
utilizados en el ana´lisis del espectro de alta resolucio´n de WTS-1b. Tambie´n he realizado
observaciones de 18 espectros de resolucio´n mediana de WTS-2 con el instrumento TWIN,
montado en el telescopio de 3.5 m en el Calar Alto. Los procedimientos de reduccio´n de
datos esta´n descritos en la Seccio´n 3.3.1. Depue´s de la reduccio´n, las 18 e´pocas observadas
fueron analizadas con la finalidad de medir variaciones preliminares de RV de WTS-2 por
la realizacio´n de la correlacio´n cruzada de Fourier de los espectros observados con modelos
sinte´ticos (Seccio´n 3.3.1). Como en el caso anterior, he participado en el ana´lisis de SED con
el uso del VOSA, para los datos fotome´tricos disponibles, presentados en la Seccio´n 3.3.2.
De la misma manera, he comparado un espectro integrado de WTS-2 a la misma librer´ıa de
espectros sinte´ticos, como sera´ presentado tambie´n en la Seccio´n 3.3.2.
Otras observaciones y ana´lisis relacionados a la caracterizacio´n de esas estrellas, realizadas
por los co-autores de los art´ıculos mencionados, tambie´n esta´n presentadas en ese cap´ıtulo
con la finalidad de mostrar la completa clasificacio´n de dichos objetos.
El Cap´ıtulo 4 presenta la deteccio´n del eclipse secundario del conocido exoplaneta WASP-
10b, en la banda Ks, a fin de probar la hipo´tesis de una o´rbita circular para el sistema. Este
exoplaneta es un ju´piter caliente que orbita uma estrella central enana K, en un per´ıodo
orbital de 3.09 d´ıas. Las observaciones han revelado, tras la apropiada descorrelacio´n de las
sistema´ticas con el uso del PCA, el eclipse secundario con profundidad de ∆F = 0.137% y un
desplazamiento en fase de ∆φ = −0.0028. El u´ltimo ha llavado al valor de |e cos ω| = 0.0044,
consistente con una o´rbita circular.
El Cap´ıtulo 5 muestra la deteccio´n de otro eclipse secundario, ahora del exoplaneta Qatar-
1b, otro ju´piter caliente que orbita cerca a una enana K rica en metales, con una separacio´n
orbital y un per´ıodo de 0.023 UA y 1.42 d´ıas, respectivamente. El ana´lisis de los datos
ha resultado en una profundidad para el eclipse de 0.183% y una desviacio´n en fase de
−0.0069. Estos resultados han revelado una excentricidad mı´nima, cerca a la circular, de
aproximadamente 0.01 (|e cosω| = 0.0108), au´n de acuerdo con resultados anteriores.
He liderado enteramente los dos u´ltimos art´ıculos sobre los eclipses secundarios (Cap´ıtulos
4 y 5), estando completamente involucrada y coordinando todo el ana´lisis. Las observaciones
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fueron hechas en modo servicio, con el instrumento OMEGA2000, montado en el telescopio
de 3.5 m del Calar Alto, con el filtro de la banda Ks (en 2.14 µm). He realizado la reduccio´n
de los datos, descrito en las Secciones 4.2 y 5.2, para WASP-10b y Qatar-1b, respectivamente.
Tambie´n he analizado el conjunto de datos realizando la correccio´n de los efectos sistema´ticos
con el uso de la te´cnica de los PCAs, presentado en la Seccio´n 4.3.1 para WASP-10b y
en la Seccio´n 5.3.1 para Qatar-1b. Yo tambie´n he realizado el modelado de los eclipses
secundarios con los modelos de ocultacio´n de Mandel & Agol (2002), usando el me´todo de
mı´nimos cuadrados y el ana´lisis de Markov Chain Monte Carlo (MCMC), a fin de obtener
las profundidades de los eclipses y las desviaciones de tiempo del eclipse (desplazamiento
en fase). Estos ana´lisis esta´n descritos en detalle en las Secciones 4.3.2 y 5.3.2 (WASP-10b
y Qatar-1b, respectivamente). Yo, conjuntamente con los co-autores, hemos presentado las
discusiones y conclusiones sugeridas para los dos exoplanetas sobre la configuracio´n orbital (la
excentricidad y el argumento del periastro) y la emisio´n te´rmica observada, como discutido
en las secciones finales de cada cap´ıtulo (Secciones 4.4 y 5.4).
El Cap´ıtulo 6 reu´ne nuestras conclusiones finales, presentando la comparacio´n de los
resultados obtenidos juntamente con aque´llos presentes en la literatura.
Por fin, presento lo que esta´ por venir en el futuro y la lista de los art´ıculos publicados,
tanto los que componen el eje central de este trabajo como las colaboraciones con otros
proyectos.
Chapter 2
Introduction
“There are countless suns and countless earths all rotating around their suns in exactly the
same way as the seven planets of our system... The countless worlds in the universe are no
worse and no less inhabited than our Earth.”
Giordano Bruno,
De L’Infinito Universo E Mondi, 1584.
The interest in the sky was probably one of the first manifestations of our ancestors that could
be considered as scientific. After centuries of speculations and even philosophical debates,
the discovery of the first planets outside our Solar System, around a pulsar (Wolszczan &
Frail 1992) and around a main-sequence star (hereafter MS) (Mayor & Queloz 1995), has
inaugurated a new era of multiple consequences for astronomy and related sciences. These
planets are denominated extra-solar planets or simply exoplanets. Despite observational
limitations (e.g., see Mayor et al. 2004), over 1890 exoplanets have been discovered to date1.
The orbital configuration, the dimensions of exoplanets and the analysis of their central
stars have provoked an intense revision in theories of planetary formation and migration,
and the emergence of new research topics, like for instance the influence of the chemical
composition of the circumstellar envelopes in planetary formation processes (Wolf 2005, and
references therein).
The current models of planetary formation are trying to explain certain properties of the
known systems, different from those of the Solar System. Several authors have discussed
this issue, for instance, Pollack et al. (1996), Lin et al. (1996), Santos et al. (2004), Ribas &
Miralda-Escude´ (2007). One can cite, for example, the existence of a large number “ Hot
Jupiters” – giant planets with orbital periods of a few days–, which might be explained by
planetary migration; the high eccentricity of some orbits, including multiple systems, where
the interaction gas-proto-planetary disk should in principle turn them to circular quickly; the
1See http://exoplanet.eu for full catalog and updates.
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formation timescale of giant planets by accretion seems to be excessively long in relation to
the duration of the disk; and the apparent correlation between the metallicity of the stars
and the presence of a planetary system around them, among others.
2.1 Exoplanets scenario
As mentioned previously, the first object with planetary mass was discovered orbiting a MS
star in 1995 (Mayor & Queloz 1995). This discovery has revealed a peculiar planetary system,
where a planet with roughly half of Jupiter’s mass orbits its central star, 51 Pegasi, with an
orbital period of approximately 4.2 days, in a distance of only 0.052 AU. They used the radial
velocity technique. Since then, with this and other techniques, there has been an exponential
growth in the number of exoplanets known, along with the variety of sizes and densities of
these exoplanets. We now describe the two main methods when hunting exoplanets.
At the beginning, the known exoplanets were detected basically by the Doppler effect or
the Radial Velocity (RV) technique, where the gravitational pertubation caused by them in
their host stars are measured by:
K =
(
2 · pi ·G
P
)1/3
· Mp · sin i
(Ms +Mp)2/3
· 1√
1− e2 , (2.1)
where K is the RV semiamplitude, G is the gravitational constant, P is the orbital period,
Mp andMs are the masses of the planet and the star, respectively, i is the orbital inclination,
and e is the orbital eccentricity. This method, given the observational limitations, produces
a strong observational bias, due to Newton’s law, favoring massive planets that are close to
their host stars. The planets discovered this way has an uncertainty in their masses, since
one can only solve the equation by finding a minimum mass for the planet, Mp · sin i, as the
orbital inclination can not be determined by using this technique alone.
The eclipse of an exoplanet was observed via the transit technique for the first time in
2000 (Charbonneau et al. 2000; Henry et al. 2000). The exoplanet HD 209458b was firstly
discovered using the RV technique (Mazeh et al. 2000), however, its planetary mass was
completely confirmed only after the analysis of the stellar light curve obtained with the
Hubble Space Telescope (HST) by Brown et al. (2001). These authors have determined the
orbital inclination of the system from the observed light curve that presented a dim of 2% in
flux, caused by the passage of the planet in front of the stellar disk.
The parameters derived for the exoplanets depend on the method of detection used. As
mentioned earlier, the RV technique provides the planetary mass in function of the orbital
inclination (Mp · sin i). It also provides the orbital semi-major axis and eccentricity. The
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transit method provides the radius of the planet in function of the radius of the host star, as:
∆F
F
=
(
Rp
Rs
)2
, (2.2)
where F is the stellar flux, ∆F is the observed dim in the light curve, and Rp and Rs are the
radii of the planet and the star, respectively.
Figure 2.3 shows a scheme that illustrates what an observed transit can give as additional
information (Charbonneau et al. 2000, fig. 4) providing, apart from the radii ratio (d), the
transit method gives the semi-major axis obtained from the transit duration (l), the orbital
inclination derived from the ingress or egress duration (w), and the degree of stellar limb-
darkening (c). All these, when combined with parameters obtained from RV measurements,
allow a more complete understanding of an exoplanetary system.
Until early 2010, the great majority of exoplanets were detected by the RV technique.
Only around 80 exoplanets known at that time (among approximately 450 exoplanets) had
their transit observed. This was due to observational limitations, which also favors the detec-
tion of planets close to their central stars, with small orbital periods and orbital inclinations
of around 90 degrees. In addition, there was also the limited precision of ground-based ob-
servations, benefiting giant planets (i.e., large radii ratios between the planet and the host
star).
With the launch of the satellites CoRoT and Kepler, the number of detected exoplanets
by the transit method has raised to more than a thousand, includind gaseous planets like
Jupiter and small and rocky planets. Nevertheless, most of these exoplanets could not be
Figure 2.1: RV of 51 Peg in phase showing a period of ∼4.2 days and a velocity semiamplitude,
K, of 55.9 ms−1 (Marcy et al. 1997, fig. 3).
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Figure 2.2: Folded light curve of HD 209458, considering P = 3.52474 days, showing a dim of
around 2% of the stellar relative flux. Data from HST (Charbonneau et al. 2000, fig. 3).
Figure 2.3: Scheme presented by Charbonneau et al. (2000, fig. 4), showing the parameters
that can be taken from the shape of the light curve: the radii ratio derived from the eclipse
depth (d), the semi-major axis from the transit duration (l), the orbital inclination from the
ingress/egress duration (w), and the degree of stellar limb-darkening (c).
confirmed by RV measurements yet. To overcome these limitations, statistical analyses are
carried out in order to validade the candidates (for instance, procedures called BLENDER
by Torres et al. 2011, and PASTIS by Dı´az et al. 2014).
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2.2 Detection of planetary light
The secondary eclipse (SE) of an exoplanet occurs with the passage of this object behind its
host star, when it is possible to measure the contribution of the planet’s light. Figure 2.4
shows an illustration of the primary transit and the secondary eclipse, with the total amount
of light (star and planet).
Figure 2.4: Illustration of the observed light at different phases of a close-orbiting exoplanet.
(Image credit: Josh Winn.)
The ratio of star and planet fluxes, at a given wavelength (λ), can be expressed by
fp,λ
fs,λ
= A
(
Rp
a
)2
+
Bλ(Tday)
Bλ(Ts)
(
Rp
Rs
)2
, (2.3)
where A is the albedo, Rp is the radius of the planet, Rs is the radius of the host star, a is
the orbital semi-major axis, and Bλ is the flux per unit surface area, assuming the planet
and star emit as black-bodies. Tday is the day-side brightness temperature of the planet, and
Ts is the stellar brightness temperature, at λ. The first term of this equation represents the
reflected light contribution, and the second term is the thermal emission contribution.
When observed in the infrared (IR) region, the secondary eclipse reveals the measurement
of the thermal emission of the exoplanet. It is possible to estimate the day-side brightness
temperature at a given wavelength from the observed eclipse depth, as
∆FSE
F
≈ Bλ(Tday)
Bλ(Ts)
(
Rp
Rs
)2
, (2.4)
assuming that the stellar flux is much greater that the planetary flux, where ∆FSE is the
dim in flux caused by the secondary eclipse in the light curve, and F is the total flux from
the system.
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By the observation of such eclipses, one can also find hints on the orbital configuration of
the exoplanet in question. The timing of the event provides the eccentricity (e) of the system
in the form of e ·cos ω, where ω is the argument of periastron. If the eccentricity is previously
known from spectroscopy, for instance, it can also provide the argument of periastron, as
follows:
e · cosω = pi
P
· (tII − tI − P/2)
1 + csc2 i
, (2.5)
where tII − tI is the difference in time between the secondary eclipse (tII) and the planetary
transit (tI) (Lo´pez-Morales et al. 2010, and references therein).
Charbonneau et al. (2005) observed the secondary eclipse of a known exoplanet, for the
first time, with the Spitzer Space Telescope. These authors detected the light emitted by
the planet TrES-1b in the mid-infrared (4.5 and 8.0 µm). At 8.0 µm, for instance, they
have measured a dim in the light curve of over 0.2% (∆F = 0.00225), which is shown in
figure 2.5. The best-fit obtained by them presented a timing offset, which is a deviation from
the expected center of the secondary eclipse, of ∆φ = +8.3 minutes. Based on this result,
they estimated that e · cosω ≃ 0.0030, placing a restriction on the orbital eccentricity of this
system. From the observed depth of the eclipse, a brightness temperatures of T8.0µm = 1230
K was estimated.
Figure 2.5: Secondary eclipse of TrES-1b detected by Spitzer, at 8.0 µm (Charbonneau et al.
2005, fig. 1, top panel).
The following challenge was to achieve detections of secondary eclipses from the ground,
what happened in 2009 (de Mooij & Snellen 2009; Sing & Lo´pez-Morales 2009). In the
near-infrared, at 2.2 µm (K-band), de Mooij & Snellen (2009) observed a decrease in the
light curve of TrES-3 of around 0.24% and an offset from the predicted time of the eclipse of
−0.0041, leading to a e · cosω of −0.0066. The best-fit model is shown in figure 2.6. Based
on their results, they estimated a day-side brightness temperature for TrES-3b in the K-band
of TK ≃ 2040 K.
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Figure 2.6: Secondary eclipse of TrES-3b detected from a ground-based telescope, at 2.2 µm
(K-band), showing a decrease in flux of ∼0.24% (de Mooij & Snellen 2009, fig. 4).
The estimations of brightness temperature of an exoplanet allow the study of temperature
and structure of exoplanet atmospheres (Burrows et al. 2005). For instance, it is possible to
determine changes in temperature between day and night in the exoplanet’s atmosphere as
a reflection of the energy redistribution of the exoplanet (e.g. Burrows et al. 2005; Knutson
et al. 2007). When combined with measurements in the mid-infrared, detections made in
the near-infrared permit the characterization of the temperature profiles. This was done, for
instance, by Croll et al. (2010a, 2010b) for TrES-2b and TrES-3b, respectively, where they
presented evidences of temperature inversions due to the irradiation level in their atmospheres
using a 3.6 m telescope.
Figure 2.7 presents the results for TrES-2b (Croll et al. 2010a). They have found an eclipse
depth of 0.062% and an upper limit for the |e · cosω| of 0.0090. The brightness temperature
obtained was of TKs ≃ 1636 K in the Ks-band.
The existing Spitzer observations have shown that hot Jupiters are strongly heated by
their parent stars, with typical brightness temperatures between 1000 and 2000 K. Addition-
ally, these observations have revealed that transiting gas giant planets can be divided into
different classes based on their infrared spectral energy distributions. Fortney et al. (2008)
and Burrows et al. (2008) proposed that irradiated exoplanets should be divided into those
with and without hot stratospheres. Some studies suggest that an opacity source in a high
layer of a planet’s atmosphere can lead to a hot stratosphere and that molecular bands are
driven into emission by the temperature inversion.
However, this is still a controversial subject. Some exoplanets does not seem to follow
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Figure 2.7: Secondary eclipse of TrES-2b detected from the ground, in the Ks-band. Top
panel: Unbinned light curve. Second panel: Light curve with the data binned every 7 minutes.
Third panel: Binned data after the subtraction of a background function. Bottom panel: Binned
residuals from the best-fit model. The solid lines show the best-fit model (Croll et al. 2010a, fig.
7).
this trend. For instance, XO-1b presents evidences of a temperature inversion even though
its low irradiation (Machalek et al. 2008), and TrES-3b does not show any inversion even
with its high irradiation (Fressin et al. 2010). Models without temperature inversions feature
strong emission in the JHK bands, and the ones with temperature inversions yield weaker
emission in the near-infrared, but stronger emission in the mid-infrared (Fortney et al. 2006;
Croll et al. 2010a). Near-IR emission measurements could shed some light to the problem
and help understanding the exoplanetary atmospheres.
Since 2009, just a small number of secondary eclipses have been detected from the ground
using 3-4 m telescopes. However, with the right technique, the required precision can be
achieved with these relatively small telescopes and does not need great instrumental invest-
ments.
2.3 WTS: the WFCAM Transit Survey
The WFCAM Transit Survey (WTS) network was focused to discover and study extra-solar
planets around cool stars. A great survey of 200 nights with the Wide Field Camera (WF-
CAM) on the 3.8m UK Infrared Telescope (UKIRT), was generated to optimize a ground-
based search for planets via the transit method at infrared wavelengths.
The WTS was running as a backup programme on the UKIRT, running from 2009 to
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2012, being performed only when the observing conditions were not good enough for main
surveys (seeing > 1 arcsec). This survey had four different fields, in right ascension at 03, 07,
17 and 19 hours, selected to be close enough to the Galactic plane to maximize stellar density
and to minimise giant contamination, however far enough to increase the number of M-dwarf
stars in the filed-of-view. The most complete field was the 19 hour filed, with approximately
950 epochs. The whole description of this survey was presented by Kova´cs et al. (2013, and
references therein).
The time series observations were performed in the J-band (at 1.25 µm), since this wave-
length is near to the peak of the Spectral Energy Distribution (SED) of a typical M-dwarf.
The fields were also observed once in other WFCAM bands (Z,Y,H,K) at the beginning of the
survey. Stars with spectral types earlier than M are fainter in J-band, since their emission
peaks are at shorter wavelengths. As described by Kova´cs et al. (2013), over 2840 M dwarfs,
within subclasses of M0 and M2, and almost 1680 stars within M2 and M4 were identified
and classified only in the 19 hour field, totallizing around 4600 M dwarfs in the sample.
Light curves generated in the J-band, of all sources from the 19 hr field brighter than J
= 17 mag, were analyzed by using the Box-Least-Squares transit search algorithm OCCFIT
(Aigrain & Irwin 2004). The analysis has led to tens of planetary-like transit detections.
Considering transits with periods of less than 10 days, the WTS survey has found that, for
the overall sample of M dwarfs from M0 to M4, 1.7-2.0 percent may host hot Jupiters.
Despite the survey optimization for M-dwarfs, the uneven epoch distribution of this survey
allowed the detection of transits of hot Jupiters also around late F, G and K stars. Two of
them, called later as WTS-1b (Cappetta et al. 2012) and WTS-2b (Birkby et al. 2014)
have been confirmed with the help of high-resolution spectroscopic observations (R=60000)
using the High Resolution Spectrograph (HRS) at the Hobby-Eberly Telescope (HET) with
an effective aperture of 9.2 meters. The spectra collected were used to measure the RV
variations of the star and determine the orbital parameters of both systems.
Presently, all of the M stars with transits suggesting a planetary system could not be
confirmed to host a planet yet. The majority of them are too faint for the instrument set
used in this network.
2.4 The CASE study: the Calar Alto Secondary Eclipse study
The Calar Alto Secondary Eclipse study (the CASE study) was an observational program
dedicated to observe secondary eclipses of two known close-orbiting exoplanets, from the
ground, in the near-infrared, where the planet contribution to the total amount of light is
detectable.
Aiming at enhancing the probability of a ground-based detection, a study was made in
order to select objects that would optimize the observations. Among the known exoplanets,
discovered by the transit method, two have been chosen: WASP-10b (Christian et al. 2009)
and Qatar-1b (Alsubai et al. 2011). These objects have being selected by their relatively
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high planet-star radii ratio, Rp/R∗ of ∼ 0.141 (WASP-10b) and ∼ 0.144 (Qatar-1b), and
by the brightness of their parent star in the near-infrared at K-band. Figure 2.8 illustrates
such selection where the grey dots are the transiting exoplanets, the red filled circles presents
our objects of study, and the black filled circles show examples of exoplanets that have their
secondary eclipses already observed from the ground.
Figure 2.8: K-band magnitude of host stars against the planet-star radii ratio of known
transiting exoplanets.
The observations were carried out at the Calar Alto Observatory (CAHA), in Almer´ıa,
Spain. We have used the Ks-band filter (at 2.14 µm) of the OMEGA2000 instrument, which
is a near-infrared wide field camera, mounted on the 3.5 m telescope. The data acquisition
was performed when a secondary eclipse would occur assuming circular orbit for both cases.
The data was gathered with the telescope strongly defocused, resulting in a ring-shaped PSF,
aiming at reducing intrapixel variations and minimizing the impact of flat-field errors, as done
in Croll et al. (2010a; 2010b; 2011).
A differential photometry was performed, where we compare the target’s flux to the flux
of a number of reference stars present in the field. These data are affected by systematic
effects that were identified and removed in order to detect the event, however, this was
done with caution otherwise the event itself would be removed along with systematics. The
technique chosen was the Principal Component Analysis (PCA), used for the first time for this
purpose, where we searched for patterns caused by several instrumental and other parameters
and learned how they affected the light curve. This technique was performed considering the
reference stars and the target.
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These observations were important to place a restriction on the orbital configurations
known for both systems, in terms of eccentricity and longitude of periastron. They have also
revealed the brightness temperature of both exoplanets in the Ks-band.
2.5 Outlook of this thesis
A combination of publications on the subjects of this thesis are presented in the following
chapters. My participation in each paper will be clarified hereafter.
Chapter 3 is dedicated to the characterization of the two planet-host stars from the
WFCAM Transit Survey. WTS-1b (Cappetta et al. 2012) is a hot Jupiter with a mass of
Mp = 4.01 ± 0.35MJ and a radius of Rp = 1.490.160.18RJ . It orbits its host star, a late-F
main sequence dwarf (V=16.13) with possibly slightly subsolar metallicity, in a period of
3.35 days. WTS-2b (Birkby et al. 2014) is a close-in hot Jupiter, with mass and radius of
Mp = 1.12MJ and Rp = 1.30RJ , respectively, in a 1.02-day orbit. The central star of this
system is a K2V star, with an effective temperature of 5000 K, surface gravity of around 4.5
and a metallicity of +0.2 dex. Both publications are not entirely presented here, only the
contents related to the characterization of the host stars, since my participation was focused
on the determination of the stellar parameters.
I did the observations of low resolution spectra of WTS-1 with CAFOS at the 2.2 m
telescope at the Calar Alto observatory, as well as the reduction procedures described in
Section 3.2.1. I was partially involved in the Spectral Energy Distribution (SED) fitting,
presented in Section 3.2.2, were we used the application VOSA (Virtual Observatory SED
Analyser) to define the spectral type of the central star based on the photometric data
available. Continuing with spectral type determination, I performed initially a comparison
of the spectrum observed with CAFOS to a set of spectra of template stars. After that,
I estimated the stellar parameters by comparing the observed spectrum with a library of
high resolution synthetic stellar spectra, as shown also in Section 3.2.2. The results from
this analysis were also used in the analysis of the high resolution spectrum of WTS-1b. I
also performed the observations of 18 intermediate-resolution spectra of WTS-2 with TWIN
mounted on the 3.5 m telescope at Calar Alto. The reduction procedures are described
in Section 3.3.1. After reduction, the 18 epochs observed were analyzed to measure the
preliminary RV variations of WTS-2 by performing a Fourier cross-correlation of the observed
spectra with synthetic templates (Sect. 3.3.1). As done in the former case, I participated in
the SED fitting using VOSA, for the photometric data available, shown in Section 3.3.2. Also
in the same way, I have compared a stacked TWIN spectrum of WTS-2 to the same library
of synthetic spectra, as presented also in Section 3.3.2.
Other observations and analyses related to the characterization of these stars, performed
by the co-authors of the mentioned papers, are also presented in this chapter in order to show
the full classification of these objects.
Chapter 4 presents the detection of the secondary eclipse of the known exoplanet WASP-
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10b in the Ks-band, in order to test the hypothesis of a circular orbit for the system. This
exoplanet is a non-inflated hot Jupiter orbiting a K-dwarf central star with an orbital period
of 3.09 days. The observations have revealed, after a proper decorrelation from systematics
using PCAs, a secondary eclipse with depth of ∆F = 0.137% and a phase offset from expected
mid-eclipse of ∆φ = −0.0028. The later have led to a value for |e cos ω| of 0.0044, consistent
with a circular orbit.
Chapter 5 brings another detection of secondary eclipse, but this time, of the known
Qatar-1b exoplanet, which is a close-orbiting hot-Jupiter around a metal-rich K-dwarf, with
orbital separation and period of 0.023 AU and 1.42 days, respectively. The analysis of the data
resulted in an eclipse depth of 0.183% and a deviation in phase from mid-eclipse of −0.0069.
These results have revealed a minimum near-to-circular eccentricity of approximately 0.01
(|e cosω| of 0.0108), still in agreement with previous results.
I have entirely participated in the two lasts articles on secondary eclipses (Chapters 4 and
5), being completely involved in the whole analysis and leading both works. The observations
were made in service mode, with the OMEGA2000 instrument, mounted on the 3.5 m tele-
scope at Calar Alto, in the Ks-band filter (at 2.14 µm). I have performed the reduction of the
data, as described in Sections 4.2 and 5.2, for WASP-10b and Qatar-1b, respectively. I also
have analyzed the data set by performing a correction of systematic effects, using the PCA
technique, as presented in Section 4.3.1 for WASP-10b and Section 5.3.1 for Qatar-1b. I also
performed the modeling of the secondary eclipses with the occultation model from Mandel
& Agol (2002), using a χ2 minimization method and a Markov Chain Monte Carlo (MCMC)
analysis, in order to obtain the eclipse depths and a deviations from expected mid-eclipses
(phase offsets). Theses analyses are described in detail in Sections 4.3.2 and 5.3.2 (WASP-10b
and Qatar-1b, respectively). I, jointly with the co-authors, have presented the discussions
and conclusions suggested for both exoplanets, on the orbital configuration (eccentricity and
argument of periastron) and the observed thermal emission, as discussed in the latest sections
of each chapter (Sects. 4.4 and 5.4).
Chapter 6 gathers our final conclusions, bringing a comparison of the obtained results
with those present in the literature.
Finally, I present what is about to come in the future and the list of published papers,
those presented in this thesis and those in collaboration with other projects.
Chapter 3
The characterization of two
planet-host stars detected in the
WFCAM Transit Survey
This chapter presents the characterization of the planet-host stars WTS-1 and WTS-2, cen-
tral stars of planetary systems found by the WFCAM Transit Survey (WTS), which began
observations at the 3.8-m United Kingdom Infrared Telescope (UKIRT) in August 2007.
WTS-1b is a planetary companion of a late-F main sequence dwarf, with planetary mass of
4.01 MJ , and a planetary radius of 1.49 RJ , orbiting its parent star with an orbital period of
3.35 days. WTS-2b is a close-in 1.02-day hot Jupiter with mass MP = 1.12 MJ , and radius
RP = 1.363 RJ , orbiting a K2V star. The characterization of these stars were performed by
analyzing their spectral energy distribution and their spectra in low and intermediate resolu-
tion. In this chapter, only thoses parts of the original discovery papers related to the stellar
characterization are shown. For more information, see Cappetta et al. (2012) for WTS-1b
and Birkby et al. (2014) for WTS-2b.
The first planet detected in the WTS: an inflated hot-Jupiter in a 3.35 day orbit around a
late F-star
M. Cappetta, R.P. Saglia, J.L. Birkby, J. Koppenhoefer, D.J. Pinfield, S.T. Hodgkin,
P. Cruz, G. Kova´cs, B. Sipo¨cz, D. Barrado, B. Nefs, Y.V. Pavlenko, L. Fossati, et al.
MNRAS, 427, 1877 (2012)
WTS-2 b: a hot Jupiter orbiting near its tidal destruction radius around a K-dwarf
J. L. Birkby, M. Cappetta, P. Cruz, J. Koppenhoefer, O. Ivanyuk, A. J. Mustill, S. T.
Hodgkin, D. J. Pinfield, B. Sipo¨cz, G. Kova´cs, R. Saglia, Y. Pavlenko, D. Barrado, et al.
MNRAS, 440, 1470 (2014)
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Chapter 3. The characterization of two planet-host stars detected in the
WFCAM Transit Survey
My participation on the work presented in this chapter and, hence, on the discovery papers
of WTS-1b and WTS-2b, was clarified in Section 2.5. To summarize, I did the spectroscopic
observations at low resolution of WTS-1 with CAHA/CAFOS, as well as the data reduction
(Sect. 3.2.1). I was partially involved in the SED fitting, presented in Section 3.2.2. I
performed a comparison of the spectrum observed with CAFOS to a set of spectra of template
stars, and I estimated the stellar atmospheric parameters by comparing the observed spectrum
with a library of synthetic spectra, as shown also in Section 3.2.2. I also performed the
observations and the data reduction of 18 intermediate-resolution spectra of WTS-2 with
CAHA/TWIN (Section 3.3.1). I measured the preliminary RV variations of WTS-2 on the
observed TWIN spectra. I also participated in the SED fitting, shown in Section 3.3.2.
Finally, I have compared a stacked TWIN spectrum to the same library of synthetic spectra,
as presented also in Section 3.3.2. In both cases, I participated in the general discussion and
the preparition of the papers.
3.1 The WFCAM Transit Survey
As presented in Sect. 2.3, the WTS is a photometric monitoring campaign using the Wide
Field Camera (WFCAM) on the United Kingdom Infrared Telescope (UKIRT) at Mauna
Kea, Hawaii. UKIRT is a 3.8 m telescope, designed for NIR observations and operated in
queue-scheduled mode. The survey was awarded 200 nights of observing time, running as a
back-up program when observing conditions are not optimal for the main UKIDSS programs
(seeing > 1 arcsec). The survey targets four 1.6 deg2 fields, distributed seasonally in right
ascension at 03, 07, 17 and 19 hours to allow year-round visibility. WTS-1b and WTS-2b
are both located in the 19 hour field. Since the WTS was primarily designed to find planets
transiting M-dwarf stars, the observations are obtained in the J-band (∼1.25 µm). Hotter
stars, with an emission peaking at shorter wavelength, are fainter in this band. Despite the
survey optimization for M-dwarfs, it is still able to detect hot Jupiters around FGK stars.
3.1.1 UKIRT/WFCAM J-band photometry and the transit detection al-
gorithm
The WFCAM has a mosaic of four Rockwell Hawaii-II PACE infrared imaging 2048 × 2048
pixels detectors, covering 13.65′ × 13.65′ (0.4′′/pixel) each. The detectors are placed in the
four corners of a square (this pattern is called a paw-print), separated by 94% of the chip
width. Each of the four fields consists of 8 pointings of the WFCAM paw-print, each one
comprising a 9-point jitter pattern of 10 second exposures each, and tiled to give uniform
coverage across the field. It takes 15 minutes to observe an entire WTS field (9× 10s × 8 +
overheads). In this way, the NIR light curves have an average cadence of 4 data points per
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hour.
A full description of our 2-D image processing and light curve generation is given by
Kova´cs et al. (2013) and closely follows that of Irwin et al. (2007). Briefly, a modified version
of the CASU INT wide-field survey pipeline (Irwin & Lewis 2001)1 is used to remove the dark
current and reset anomaly from the raw images, apply a flat-field correction using twilight
flats, and to decurtain and sky subtract the final images. Astrometric and photometric cali-
bration is performed using 2MASS stars in the field-of-view (Hodgkin et al. 2009). A master
catalogue of source positions is generated from a stacked image of the 20 best frames and
co-located, variable aperture photometry is used to extract the light curves. We attempted to
remove systematic trends that may arise from flat-fielding inaccuracies or varying differential
atmospheric extinction across the image by fitting a 2-D quadratic polynomial to the flux
residuals in each light curve as a function of the spatial position of the source on the chip.
As a final correction, for each source we remove residual seeing-correlated effects by fitting
a second-order polynomial to the correlation between its flux and the stellar image FWHM
per frame (see Irwin et al. 2007 for a discussion of the effectiveness of these techniques).
The final J-band light curves have a photometric precision of ∼1% for J ≤ 16 mag, while
the uncertainty per data point is just 3 mmag for the brightest stars (saturation occurs at
J ∼13 mag).
All stellar sources in the 19 hour field with J < 17 mag were first passed through the
box-least-squares transit detection algorithm occfit, which is described in detail by Aigrain
& Irwin (2004). The processed WTS light curves suffer from residual correlated red noise,
which can mimic transit events. We therefore adjusted the detection significance statistic, S,
calculated by occfit to account for the presence of red noise following the model of Pont et
al. (2006) to give Sred. In order to qualify as a WTS transit candidate, a detection must have
Sred ≥ 5. We also rejected transit detections in the period range 0.99 < P < 1.005 days, as
the majority of these were found to be aliases caused by the observing window function of
our ground-based survey.
We used ZY JHK single epoch photometry fromWFCAM, plus complementary griz pho-
tometry from Sloan Digital Sky Survey data release 7 (SDSS DR7 York et al. 2000) to create
a Spectral Energy Distribution (SED) for each object and estimate its effective temperature
(see Birkby et al. 2012 for details). The effective temperature, Teff , was converted to an
approximate stellar radius for each source, using the stellar evolution models of Baraffe et al.
(1998), at an age of 1 Gyr with a mixing length equal to the scale height. Assuming a maxi-
mum planetary radius of 2RJ, we defined an envelope of transit depths as a function of stellar
radius that were consistent with planetary transit events. Only detections with changes in
flux (∆F ) corresponding to R⋆
√
(∆F ) ≤ 2RJ were allowed through to the eyeballing stage.
The∼3500 candidates that survived to the eyeball stage were mostly false-positives arising
from nights of bad data or singular bad frames that we do not filter from the data. We also
1http://casu.ast.cam.ac.uk/surveys-projects/wfcam/technical/
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removed binary systems that were detected on half their true orbital period (as is favoured by
the detection statistic). Overall, with this method we detected 40 good transiting candidates,
including WTS-1b and WTS-2b.
In the following sections, only the characterization of the central stars WTS-1 and WTS-
2, my responsibility on the project, are described in details. For a complete description of the
exoplanets detection and confirmation of their planetary nature, see Cappetta et al. (2012)
for WTS-1b and Birkby et al. (2014) for WTS-2b.
3.2 WTS-1
WTS-1b (Cappetta et al. 2012) is the first exoplanet detected by the UKIRT/WFCAM
Transit Survey. It is a ∼4 MJ planet orbiting in 3.35 days a late F-star with possibly slightly
subsolar metallicity. The characterization of its host star, WTS-1, is presented below.
3.2.1 Follow-up observations of WTS-1
Broad band photometry
The WFCAM and SDSS photometric data for WTS-1 are reported in Table 3.1 with other
single epoch broad band photometric observations. Johnson B V R bands were observed for
WTS-1 on the night of 6th April 2012 at the University of Hertfordshire’s Bayfordbury
Observatory. We used a Meade LX200GPS 16-inch f/10 telescope fitted with an SBIG STL-
6303E CCD camera, and integration times of 300 seconds per band. Images were bias, dark,
and flat-field corrected, and extracted aperture photometry was calibrated using three bright
reference stars within the image. Photometric uncertainties combine contributions from the
SNR of the source (typically ∼20) with the scatter in the zero point from the calibration
stars. The Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006) and the Wide-field
Infrared Survey Explorer (WISE, Wright et al. 2010) provided further NIR data points (J H
Ks bands and W1 W2 bands respectively).
Spectroscopic data
We carried out intermediate-resolution spectroscopy of the star WTS-1 over two nights
between July 29 − 30, 2010, as part of a wider follow-up campaign of the WTS planet
candidates, using the William Herschel Telescope (WHT) at Roque de Los Muchachos, La
Palma. We used the single-slit Intermediate dispersion Spectrograph and Imaging System
(ISIS). The red arm with the R1200R grating centred on 8500 A˚ was employed. We did not
use the dichroic during the ISIS observations because it can induce systematics and up to
10% efficiency losses in the red arm, which we wanted to avoid given the relative faintness
of our targets. The four spectra observed have a wavelength coverage of 8100–8900 A˚. The
wavelength range was chosen to be optimal for the majority of the targets for our spectroscopic
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Table 3.1: Broad band photometric data of WTS-1 measured within the WFCAM, SDSS,
2MASS and WISE surveys. Johnson magnitudes in the visible are provided too. Effective
wavelength λeff (mean wavelength weighted by the transmission function of the filter), equiva-
lent width (EW) and magnitude are given for each single pass-band. The bands are sorted by
increasing λeff .
Band λeff [A˚] EW[A˚] Magnitude
SDSS-u 3546 558 18.007 (±0.014)
Johnson-B 4378 970 17.0 (±0.1)
SDSS-g 4670 1158 16.785 (±0.004)
Johnson-V 5466 890 16.5 (±0.1)
SDSS-r 6156 1111 16.434 (±0.004)
Johnson-R 6696 2070 16.1 (±0.1)
SDSS-i 7471 1045 16.249 (±0.004)
UKIDSS-Z 8817 879 15.742 (±0.005)
SDSS-z 8918 1124 16.189 (±0.008)
UKIDSS-Y 10305 1007 15.642 (±0.007)
2MASS-J 12350 1624 15.375 (±0.052)
UKIDSS-J 12483 1474 15.387 (±0.005)
UKIDSS-H 16313 2779 15.103 (±0.006)
2MASS-H 16620 2509 15.187 (±0.081)
2MASS-Ks 21590 2619 15.271 (±0.199)
UKIDSS-K 22010 3267 15.048 (±0.009)
WISE-W1 34002 6626 15.041 (±0.044)
WISE-W2 46520 10422 15.886 (±0.157)
observation which were low-mass stars. The slit width was chosen to match the approximate
seeing at the time of observation giving an average spectral resolution R ∼9000. An additional
low-resolution spectrum was taken on July 16th, 2010, using the ISIS spectrograph with the
R158R grating centred on 6500 A˚. This spectrum has a resolution (R ∼1000), a SNR of
∼ 40 and a wider wavelength coverage (5000–9000 A˚). The spectra were processed using
the iraf.ccdproc2 package for instrumental signature removal. We optimally extracted
the spectra and performed wavelength calibration using the semi-automatic kpno.doslit
package. The dispersion function employed in the wavelength calibration was performed
using CuNe arc lamp spectra taken after each set of exposures.
Two spectra of WTS-1 were obtained with CAFOS at the 2.2-m telescope at the Calar
Alto observatory (as a Directors Discretionary Time - DDT) in June, 2011. CAFOS is a
2k×2k CCD SITe#1d camera at the RC focus, and it was equipped with the grism R-100
that gives a dispersion of ∼2.0 A˚/pix and a wavelength coverage from 5850 to 9500 A˚,
approximately. Their resolving power is of around R ∼1900 at 7500 A˚, with a SNR ∼25.
The data reduction was performed following a standard procedure for CCD processing and
spectra extraction with iraf. The spectra were finally averaged in order to increase the SNR.
2
iraf is distributed by National Astronomy Observatories, which is operated by the Association of Uni-
versities of Research in Astronomy, Inc., under contract to the National Science, USA
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In the late 2010 and in the second half of the 2011 the star WTS-1 was observed during
11 nights with the High Resolution Spectrograph (HRS) housed in the insulated chamber in
the basement of the 9.2-m segmented mirror Hobby-Eberly Telescope (HET). The HRS is
a single channel adaptation of the ESO UVES spectrometer linked to the corrected prime
focus of the HET through its fiber-fed instrument as described by Tull (1998). It uses an R-4
echelle mosaic, which we used with a resolution of R=60 000, and a cross-dispersion grating
to separate spectral orders, while the detector is a mosaic of two thinned and anti-reflection
coated 2K × 4K CCDs.
One science fiber was used to get the spectrum of the target star and two sky fibers were
used in order to subtract the sky contamination. A couple of ThAr calibration exposures
were taken immediately before and after the science exposure. This strategy allowed us to
keep under control any undesired systematic effect during the observation. Each science
observation was split in two exposures, of about half an hour each, in order to limit the effect
of the cosmic rays hits, which can affect the data reduction and analysis steps. Due to the
faintness of the star, the Iodine gas cell was not used for our observations.
The data reduction was performed with the iraf.echelle3 package. After the standard
calibration of the raw science frame, bias-subtraction and flat-fielding, the stellar spectra
were extracted order by order and the related sky spectrum was subtracted. The extracted
ThAr spectra were used to compute the dispersion functions, which are characterized by an
RMS of the order of 0.003 A˚. Consistency between the two solutions (computed from the
ThAr taken before and after the science exposure) was checked for all the nights in order
to detect possible drifts or any other technical hitch that could take place during each run.
Successively, the spectra were wavelength calibrated using a linear interpolation of the two
dispersion functions.
In the subsequent data analysis, custom Matlab programs were used. After the continuum
estimation and the following normalization, the spectra were filtered to remove the residual
cosmic rays peaks left after the previous filtering performed on the raw science frame with
the iraf task cosmicrays. Comparing the spectra of all the nights for each single order,
the pixels with higher flux, due to a cosmic hit on the detector, were detected and masked.
The telluric absorption lines present in the redder orders were then removed in order to avoid
contaminations using a high SNR observed spectrum of a white dwarf as template for the
telluric lines. Finally, the spectra related to the two split science exposures were averaged to
obtain the final set of spectra used in the following analysis. A total of 40 orders (18 from the
red CCD and 22 from the blue one) cover the wavelength range 4400-6300 A˚. The spectra
have a SNR ∼8.
3http://iraf.net/irafdocs/ech.pdf
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Figure 3.1: Broad band photometric data of WTS-1: SDSS (filled dots), Johnson (empty
dots), WFCAM (squares), 2MASS (triangles) and WISE (stars). The best fitting template
(black line) is the ATLAS9 Kurucz Teff=6500K, log g=4.5, [Fe/H]=-0.5 model with AV=0.44.
Vertical errorbars correspond to the flux uncertainties while those along the X-axis represent
the EW of each band (see Table 3.1).
3.2.2 Analysis and results
Spectral energy distribution
A first characterization of the parent star can be performed comparing the shape of
the SED, constructed from broad band photometric observations, with a grid of synthetic
theoretical spectra. The data relative to the photometric bands, collected in Table 3.1, were
analysed with the application Virtual Observatory SED Analyser4 (VOSA, Bayo et al. 2008,
2013). VOSA offers a valuable set of tools for the SED analysis, allowing the estimation
of the stellar parameters. It can be accessed through its web-page interface and accepts
as input file an ASCII table with the following data: source identifier, coordinates of the
source, distance to the source in parsecs, visual extinction (AV ), filter label, observed flux or
magnitude and the related uncertainty. For our purpose, we tried to estimate only the main
intrinsic parameters of the star: effective temperature, surface gravity and metallicity. The
extinction AV was assumed as a further free parameter.
The synthetic photometry is calculated by convolving the response curve of the used
filter set with the theoretical synthetic spectra. Then a statistical test is performed, via χ2ν
minimization, to estimate which set of synthetic photometry best reproduces the observed
data. We decided to employ the Kurucz ATLAS9 templates set (Castelli et al. 1997) to fit
our photometric data. These templates reproduce the SEDs in the high temperature regime
better than the NextGen models (Baraffe et al. 1998), more suitable at lower temperatures
(Teff < 4500K).
In order to speed up the fitting procedure, we restricted the range of Teff and log g
4http://svo2.cab.inta-csic.es/svo/theory/vosa4
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to 3500-8000 K and 3.0-5.0, respectively. These constrains in the parameter space did not
affect the final results as it was checked a posteriori that the same results were obtained
considering the full available range for both parameters. The resulting best fitting synthetic
template, plotted in Figure 3.1 with the photometric data, corresponds to the Teff=6500K,
log g=4.5 and [Fe/H]=-0.5 Kurucz model and AV=0.44. Uncertainties on the parameters
were estimated both using χ2ν statistical analysis and a bayesian (flat prior) approach. The
related errors result to be of the order of 250K, 0.2, 0.5 and 0.07 for Teff , log g, [Fe/H] and
AV , respectively.
As it can be seen in Figure 3.1, the WISE W2 data point is not consistent with the
best fitting model. Firstly, it is worth noting that the observed value of W2 = 15.886
(±0.157) is below the 5 sigma point source sensitivity expected in theW2-band (> 15.5). The
number of single source detections used for the W2-band measurement is also considerably
less than that of the W1-band (4 and 19 respectively) increasing the uncertainty in the
measurement. Finally, the poor angular resolution of WISE in theW2-band (6.4′′) could add
further imprecisions to the final measured flux, especially in a field as crowded as the WTS
19 hr field. For these reasons, the WISE W2 data point was not considered in the fitting
procedure.
Spectroscopic analysis
The spectroscopic spectral type determination was done firstly by comparing the spectrum
observed with CAFOS with a set of spectra of template stars. Stars of different spectral
types, uniformly spanning the F5 to G2 range, were observed with the same instrumental
setting. Since the observed spectrum has a relatively low SNR, we focused the analysis on
the strongest features present which are the Hα (6562.8 A˚) and the Ca ii triplet (8498.02 A˚,
8542.09 A˚, 8662.14 A˚). The best match was obtained, via minimization of the RMS of the
difference between the WTS-1 and template star spectra, with the spectrum of an F6V star
with solar metallicity.
Afterwards, we tried to estimate the stellar parameters comparing the observed spectrum
with a simulated spectrum with known parameters. For that aim, we used a library of high
resolution synthetic stellar spectra by Coelho et al. (2005), created by the PFANT code (Bar-
buy et al. 1982; Cayrel et al. 1991; Barbuy et al. 2003) that computes a synthetic spectrum
assuming local thermodynamic equilibrium (LTE). The synthetic spectra were achieved using
the model atmospheres presented by Castelli & Kurucz (2004). Since the core of these lines
are strongly affected by cumulative effects of the chromosphere, non-LTE (local thermody-
namical equilibrium) and inhomogeneity of velocity fields, we firstly compared a spectrum of
the Sun observed with HIRES spectrograph at the Keck telescope (Vogt et al. 1994). The
spectrum of the Sun was degraded to lower resolution and resampled to match our CAFOS
spectrum specifications to see how such effects appear at this resolution and how different
the solar spectrum is from a synthetic spectrum from the library by Coelho and collabora-
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Figure 3.2: Upper row: comparison of a degraded spectrum of the Sun (black) with a synthetic
spectrum (red) computed with Teff=5750K, log g=4.5 and [Fe/H]=0.0. Lower row: comparison
of the WTS-1 spectrum (black) with different synthetic spectra (colours). The comparison be-
tween the observed WTS-1 spectrum and the synthetic models took into account the differences
of the core of the lines shown in the upper row plots. From this analysis, the best fitting model
is the one with Teff=6250K, log g=4.5 and [Fe/H]=0.0.
tors. Looking at the upper plots in Figure 3.2, we concluded that the cores of the lines in
the simulated spectrum are systematically higher than those in the observed spectrum of
the Sun. Nevertheless, the Ca ii triplet line at 8498.02 A˚ seems to be less affected by the
above-mentioned problems. Considering these differences between central depth of the ob-
served and simulated spectra in the best fitting procedure, we estimated that the synthetic
model with Teff=6250K, log g=4.5 and [Fe/H]=0.0 best reproduces the observed spectrum
of WTS-1. The expected uncertainties are of the order of the step size of the used library
(δTeff=250K, δlog g=0.5 and δ[Fe/H]=0.5).
The high resolution HET spectra were employed to attempt a more detailed spectroscopic
analysis of the host star. The spectra observed each single night were stacked together
obtaining a final spectrum with a SNR of about 12, calculated over a 1 A˚ region at 5000 A˚.
To compute model atmospheres, LLmodels stellar model atmosphere code (Shulyak et al.
2004) was used. For all the calculations, LTE and plane-parallel geometry were assumed.
We used the VALD database (Piskunov et al. 1995; Kupka et al. 1999; Ryabchikova et al.
1999) as a source of atomic line parameters for opacity calculations with the LLmodels code.
Finally, convection was implemented according to the Canuto & Mazzitelli (1991) model of
convection.
The parameter determination and abundance analysis were performed iteratively, self-
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Figure 3.3: Intermediate resolution ISIS spectrum (black line) and high resolution HET spec-
trum (grey line) of the Hα line of WTS-1 in comparison with synthetic spectra calculated with
different effective temperatures of 6000K (blue dash-dotted line), 6250K (dashed line; finally
adopted Teff), and 6500K (blue dotted line). The synthetic spectra were convolved in order to
match the resolution of the ISIS spectrum.
consistently recalculating a new model atmosphere any time one of the parameters, including
the abundances, changed. As a starting point, we adopted the parameters derived from the
CAFOS spectrum. We performed the atmospheric parameter determination by imposing the
iron excitation and ionization equilibria making use of equivalent widths measured for all
available unblended and weakly blended lines. We converted the equivalent width of each
line into an abundance value with a modified version (Tsymbal 1996) of the WIDTH9 code
(Kurucz 1993). Unfortunately, the faintness of the observed star, coupled with the calibration
process (including the sky subtraction), led to a distortion of the stronger lines, weakening
their cores. For this reason, our analysis took into account only the measurable weak lines,
making therefore impossible a determination of the microturbulence velocity (vmic), which we
fixed at a value of 0.85 km s−1 (Valenti & Fischer 2005). With the fixed vmic, we imposed the
Fe excitation and ionization equilibria, which led us to an effective temperature of 6000±400 K
and a surface gravity of 4.3±0.4. Imposing the ionization equilibrium we took into account
the expected non-LTE effects for Fe i (∼0.05 dex, Mashonkina 2011), while for Fe ii non-LTE
effects are negligible.
In this temperature regime, the ionization equilibrium is sensitive to both Teff and log g
variations, therefore it is important to simultaneously and independently further constrain
temperature and/or gravity. For this reason we looked at the Hα line to further constrain Teff ,
as in this temperature regime Hα is sensitive primarily to temperature variations (Fuhrmann
et al. 1993). We did this by fitting synthetic spectra, calculated with SYNTH3 (Kochukhov
2007), to the Hα line profile observed in the HET high resolution and in the ISIS/WHT
low resolution spectra. As the Hα line of the HET spectrum was also affected by the before
mentioned reduction problems, only the wings of the line were considered. Although we
could calculate synthetic line profiles of Hα on the basis of atmospheric models with any Teff ,
because of the low SNR of our spectra, we performed the line profile fitting on the basis of
3.2. WTS-1 37
models with a temperature step of 100K (Fuhrmann et al. 1993, small variations in gravity
and metallicity are negligible). From the fit of the Hα line we obtained a best fitting Teff
of 6100±400 K. Further details on method, codes and techniques can be found in Fossati et
al. (2009), Ryabchikova et al. (2009), Fossati et al. (2011) and references therein. Figure 3.3
shows the Hα line profile observed with ISIS and HET in comparison with synthetic spectra
calculated assuming a reduced set of stellar parameters. On the basis of the previous anal-
ysis, we finally adopted Teff=6250±250 K, log g=4.4±0.1. With this set of parameters and
the equivalent widths measured with the HET spectrum, a final metallicity of -0.5±0.5 dex
dex was derived, where the uncertainty takes into account the internal scatter and the un-
certainty on the atmospheric parameters. By fitting synthetic spectra, calculated with the
final atmospheric parameters and abundances, to the observation, we derived a projected
rotational velocity v sin(i)=7±2 km s−1.
Properties of the host star WTS-1
The atmospheric parameters of the star WTS-1 were computed combining the results
coming from the analysis described above. We finally obtained an effective temperature of
6250±200 K, a surface gravity of 4.4±0.1 and a metallicity range from −0.5 to 0.0 dex. As
mentioned earlier, the faintness of the star and the reduction process led to a distortion of
the stronger lines in the HET high resolution spectrum, reducing the number of reliable lines
employed in the measure of the metallicity. For these reasons, the relative uncertainty on
the metallicity is larger with respect to those of the other parameters. Further observations
would be needed to pin down the exact value of the star metallicity.
In order to determine the parameters of the planetary companion, mass and radius of
the host star must be known. The fit of the transit in the light curves provides important
constraints on the mean stellar density (see Cappetta et al. 2012, for details on the light curve
fit and the related results). Joining this quantity to the effective temperature, we could place
WTS-1 in the modified ρ
−1/3
s vs. Teff Hertzsprung-Russell diagram and compare its position
with evolutionary tracks and isochrones models (Girardi et al. 2000) in order to estimate
stellar mass and age. In this way, we estimated the stellar mass to be 1.2±0.1M⊙ and the
age of the system to range between 200Myr and 4.5Gyr.
The HET spectrum allowed the measurement of the atmospheric lithium abundance from
the Li i line at ∼6707A˚ of logN(Li) = 2.5 ± 0.45. Comparing this lithium abundance of
WTS-1 with those of open clusters, the lower limit on the age raised to 600 Myr, because
younger clusters do not show lithium depletion in their late-F members (Sestito & Randich
2005).
Combining ρs and Ms, a value of 1.15
+0.10
−0.12 R⊙ was computed for the stellar radius. The
same result was obtained considering the stellar mass and the surface gravity measured from
the spectroscopic analysis. All derived stellar parameters are consistent with each other and
5For details in the lithium measurement and analysis, see Cappetta et al. (2012).
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with the typical quantities expected for an F6-8 main-sequence star (Torres et al. 2009).
3.3 WTS-2
WTS-2b (Birkby et al. 2014) is the second exoplanet detected by the UKIRT/WFCAM
Transit Survey. It is a close-in 1.02-day hot Jupiter with mass of 1.12 MJ orbiting a K2V
star. The determination of the physical parameters of the host star WTS-2 is shown below.
3.3.1 Follow-up observations of WTS-2
Broad band photometry
As mentioned previously in Sect. 2.3, we used WFCAM to observe single exposures of the
four WTS fields in five filters (ZY JHK). They were used to estimate the spectral type of
WTS-2. We also obtained Johnson B-, V - and R-band single epoch photometry on the nights
of 8th and 22nd March 2012 at the University of Hertfordshire’s Bayfordbury Observatory
(latitude= 51.8 degrees North, longitude= 0.1 degrees West). We used a Meade LX200GPS
16-inch f/10 telescope fitted with an SBIG STL-6303E CCD camera, and integration times
of 300 seconds per band. Images were bias, dark, and flat-field corrected, and the extracted
aperture photometry was calibrated using three bright reference stars within the image. The
quoted photometric uncertainties for these data combine the contribution from the signal-
to-noise of the source (typically ∼20) with the scatter in the zero-point from the calibration
stars.
A further nine photometric data points at optical and infrared wavelengths were gathered
for WTS-2 using VOSA (Bayo et al. 2008, 2013), including ugriz from the SDSS DR7 (York et
al. 2000), JHK from the 2MASS(Skrutskie et al. 2006), and W1W2 from the WISE (Wright
et al. 2010). We do not give the W3 and W4 bandpasses as they fall below the WISE 5σ
point source sensitivity for detection. We also note that the u-band for SDSS photometry
is affected by a known red leak in the filter and has been assigned an accordingly larger
error6. All of the available single epoch broadband photometry for WTS-2 is reported in
Table 3.2 and plotted in Figure 3.4. The data are used further in this section to determine
the best-fitting SED for WTS-2.
Spectroscopic data
We carried out intermediate-resolution reconnaissance spectroscopy of WTS-2 to obtain
an estimate of the host star effective temperature and its surface gravity (see Sect. 3.3.2), and
to measure preliminary radial velocity (RV) variations to test for the presence of a blended
or grazing eclipsing binary system. Spectroscopic observations of WTS-2 and several RV
6See http://www.sdss3.org/dr8/imaging/caveats.php
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Filter λeff (A˚) EW (A˚) Magnitude
SDSS-u 3546 558 18.361 ± 0.039
Johnson-B 4378 1158 16.8 ± 0.1
SDSS-g 4670 1158 16.283 ± 0.004
Johnson-V 5466 890 15.9 ± 0.1
SDSS-r 6156 1111 15.464 ± 0.003
Johnson-R 6696 2070 15.3 ± 0.1
SDSS-i 7471 1045 15.146 ± 0.003
WFCAM-Z 8802 927 14.501 ± 0.003
SDSS-z 8918 1124 14.959 ± 0.005
WFCAM-Y 10339 999 14.352 ± 0.004
2MASS-J 12350 1624 13.928 ± 0.025
WFCAM-J 12490 1513 13.963 ± 0.003
WFCAM-H 16338 2810 13.470 ± 0.002
2MASS-H 16620 2509 13.464 ± 0.026
2MASS-Ks 21590 2619 13.414 ± 0.039
WFCAM-K 22185 3251 13.360 ± 0.003
WISE-W1 34002 6626 13.292 ± 0.027
WISE-W2 46520 10422 13.368 ± 0.038
Table 3.2: Broadband photometry for WTS-2. All reported magnitudes are in the Vega system
except the SDSS photometry, which is in the AB magnitude system. These magnitudes have
not been corrected for reddening, nor for the dilution by the faint red source within 0.6 arcsec of
the host (see Birkby et al. 2014 for more details). λeff is the effective wavelength defined as the
mean wavelength weighted by the transmission function of the filter, and EW is the equivalent
width of the bandpass.
standards were taken over 6 nights during June-August 2011 as part of a wider follow-up
campaign of the WTS planet candidates and M-dwarf eclipsing binaries (Cruz et al., in
prep.). We used the Cassegrain Twin Spectrograph (TWIN) mounted on the 3.5-m telescope
at the Calar Alto Observatory in southern Spain, with its T10 grism and a 1.2′′ slit, resulting
in a dispersion of ∼ 0.39A˚/pix (R ∼8000) and a wavelength coverage of ∼6200 − 6950A˚.
A total of 18 epochs were observed for WTS-2 with integration times between 600 and 900
seconds.
The spectra were reduced in the standard way using iraf packages. To measure the RV
variations of WTS-2 and the RV standards, the iraf package fxcor was used to perform
Fourier cross-correlation of the observed spectra with synthetic templates generated from
Munari et al. (2005). The effective temperature and surface gravity of the cross-correlation
template was chosen to match the results of the SED fit in Section 3.3.2 but with a solar
metallicity. The TWIN spectra were single-lined, with no evidence for a double-peak in the
cross-correlation functions, indicating that the system was not a false positive. The measured
RVs, given in Table 3.3, had an RMS of 1.1 km/s and were consistent with no significant RV
variation within the precision of the measurements, ruling out companion masses ¿ 5MJ for
non-blended scenarios (for more information on the RV measurements from these data and
the elimination of false positives, see Birkby et al. 2014).
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Figure 3.4: The spectral energy distribution of WTS-2. The best-fitting Kurucz model spec-
trum from a χ2 analysis is overlaid in grey (Teff = 5000 K), while the synthetic photometry
for the corresponding observed bandpasses are shown by the blue open triangles. The observed
data are shown by the black open circles and the dereddened photometry is shown by the red
open squares. Note that the errors on the photometry include the photon error listed in Ta-
ble 3.2, plus a 2% uncertainty added in quadrature to the WFCAM and SDSS bandpasses to
allow for calibration between the different surveys. However, the magnitudes have not been
adjusted for contamination by a faint red source of third light within 0.6 arcsec of the host star
(see Birkby et al. 2014 for more details). The symbols are generally bigger than the errors. The
filter transmission profiles for our observed bandpasses (see Table 3.2) are shown by the lines at
the bottom of the plot.
These spectra were used in Section 3.3.2 to confirm the stellar characteristics found via
the SED fit. For this, we used a spectrum created by aligning and stacking eight of the
TWIN spectra obtained in August 2011 into a single spectrum with SNR∼25. The stacked
spectrum is shown in Figure 3.5.
High-resolution spectroscopic observations of WTS-2 were obtained between August-
November 2011 at the McDonald Observatory in Austin, Texas, using the HRS at HET. We
used an effective slit width of 2′′ with the 600g5271 grating to give a resolution of R = 60, 000
and a wavelength coverage of ∼ 4400 − 6280A˚, separated into 40 echelle orders across the
two CCD detectors (18 on the red CCD, 22 on the blue CCD). Each science image was a 1
hour integration, split into 2 × 30 minute exposures. The iraf.echelle package and a set
of matlab programs were also used to reduce the HET spectra. The reduction process was
the same described in Sect. 3.2.1. By combining the two 30-minute exposures at each epoch,
we obtained a total of seven spectra with average SNR of ∼15.
We note here that due to the faintness of WTS-2, the cores of the deepest lines in the
HRS spectra are distorted during the calibration process, particularly after sky subtraction.
This means only the weaker lines in these high-resolution spectra are suitable for any detailed
spectroscopic analysis of the host star, such as abundance calculations.
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HJD RV σRV
(km/s) (km/s)
2455721.417173 -19.794 1.540
2455721.501447 -19.122 2.015
2455721.586693 -19.091 1.820
2455762.651947 -19.050 1.888
2455762.659494 -18.415 1.670
2455763.590589 -21.118 1.560
2455763.658298 -20.079 1.614
2455763.665845 -18.796 1.656
2455783.377699 -22.410 1.599
2455783.567465 -19.215 1.374
2455783.645763 -18.072 1.888
2455783.656805 -19.118 1.851
2455784.508995 -19.121 1.132
2455784.661690 -20.206 1.710
2455784.672731 -20.004 1.313
2455785.444262 -19.560 1.265
2455785.508347 -21.585 1.863
2455785.668461 -19.728 1.971
Table 3.3: Reconnaissance radial velocities from CAHA 3.5m/TWIN.
Figure 3.5: A stacked spectrum of WTS-2 using eight of the TWIN observations from August
2011. The individual spectra have been aligned to the same RV and continuum-normalised. The
rest-wavelength of Hα is labeled.
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3.3.2 Analysis and results
Photometric analysis
As done before, we refined the initial SED fit to the WFCAM photometry using vosa
(Bayo et al. 2008, 2013) to add more bandpasses and to explore a wider range of Teff , surface
gravities, metallicities, and to fit for reddening. We used a grid of Kurucz ATLAS9 model
spectra (Castelli et al. 1997) in the range 3500 ≤ Teff ≤ 6000 K in steps of 250 K, with
log(g) = 4.0 − 5.0 in steps of 0.5 dex, [Fe/H]=[−0.5, 0.0,+0.2,+0.5], and 0 ≤ AV ≤ 0.5 in
steps of 0.025. The upper boundary on the extinction range was chosen to approximately
match the total integrated line-of-sight extinction for the 2 degree region around the centre of
the 19hr field (AV = 0.439 mag, E(B − V ) = 0.132 mag), calculated using the infrared dust
maps of Schlegel et al. (1998). Figure 3.4 shows the best-fitting SED for WTS-2, which has
a reduced χ2ν = 3.9. In addition to the χ
2 model fit, vosa performs a Bayesian analysis of
the model fit, resulting in a posterior probability density function covering the range of fitted
values for each parameter. A Gaussian-fit to the Teff and AV distributions gives approximate
errors as follows: Teff = 5000 ± 140 K and AV = 0.27 ± 0.07. For log(g) the distribution
is essentially flat due to the intrinsic insensitivity of the available broadband photometry to
gravity sensitive features, so we adopt log(g) = 4.5 ± 0.5. For [Fe/H], higher metallicity is
preferred, with the most probable solutions being [Fe/H]= +0.2 and +0.5 (37% and 42%,
respectively).
Spectroscopic analysis
We checked the results of the SED fitting in two ways; firstly by fitting synthetic spectra
to the stacked TWIN spectrum, and secondly through a standard spectroscopic abundance
analysis of the same spectrum.
Firstly, we compared the stacked TWIN spectrum of WTS-2 to synthetic spectra in the
Coelho et al. (2005) library, described ealier in Sect. 3.2.2. As done before for WTS-1 (see
Sect. 3.2.2), the synthetic spectra were degraded to the resolution of the TWIN spectra,
then normalised to their continuum along with the observed stacked spectrum. Our model
grid covered 4250 ≤ Teff ≤ 5500 K in steps of 250 K, 4.0 ≤ log(g) ≤ 5.0 in steps of 0.5, and
[Fe/H]= [−1.0,−0.5, 0.0,+0.2,+0.5]. We noted that the synthetic spectra systematically
under-predicted the depth of some absorption features in the Solar spectrum (most likely due
to neglect of non-LTE effects and/or errors in the continuum normalisation). We therefore
only performed the χ2 analysis on those lines that were well-reproduced for the Solar spec-
trum. The best-fitting model was consistent with the vosa result, giving Teff = 5000±250 K,
log(g) = 4.5± 0.5, and [Fe/H]=+0.2+0.3
−0.2, where the errors correspond simply to the step-size
in the models. This corresponds to a spectral type of K2V±2, according to Table B1 of Gray
(2008).
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Figure 3.6: Comparison of the TWIN stacked WTS-2 spectrum (black) with different syn-
thetic spectra (colours). From this analysis, the best fitting model is the one with Teff=5000K,
log g=4.5 and [Fe/H]=+0.2.
NOTE: This figure was not presented in the original paper by Birkby et al. (2014). It is shown
here for illustration.
For the standard spectroscopic abundance analysis, we measured the excitation potential
of neutral Fe I and ionised Fe II lines in the TWIN stacked spectrum and compared them to
synthetic spectra. All synthetic spectra were calculated using 1D LTE model atmospheres
computed with SAM12 and WITA6 routines (Pavlenko 2003) and constants taken from the
VALD2 (Kupka et al. 1999). For a complete description of our procedure, see Pavlenko et al.
(2012). For a range of synthetic models with microturbulence velocity ξ = 0.0− 2.5 km/s, in
steps of 0.25 km/s, and Teff = 4900− 5100 K in steps of 100 K, we found that the ionisation
equilibrium condition was met at ξ = 0.75± 0.50 for log(g) = 4.45± 0.25. The corresponding
iron abundance was [Fe/H]=+0.095 ± 0.021, again consistent with the SED-fitting results.
To measure the rotational velocity of the star, the v sin(i) value was calculated indepen-
dently for each of the 20 Fe II lines in the TWIN stacked spectrum, by convolving the model
line profile with a set of rotation profiles (Gray 2008), ranging from 0 − 6 km/s in steps of
0.2 km/s. The average and standard deviation of all the lines was v sin(i) = 2.2 ± 1.0 km/s.
Properties of the host star WTS-2
The properties of the planet WTS-2b depend directly on the characterisation of its host
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Figure 3.7: Modified Hertzsprung-Russell diagram comparing the effective temperature and
light curve stellar density for WTS-2, with the PARSEC v1.0 stellar evolution isochrones (Bres-
san et al. 2012) for Z=0.019. The data point and its error box marks the allowed values for
WTS-2. Assuming the star is not on the pre-main sequence, the isochrones give an age constraint
of > 600 Myr.
star. Due to the faintness of the host star, the usual method of deriving the stellar parameters
from very high-resolution spectra (see e.g. Torres et al. 2012) is not appropriate because the
SNR in our high-resolution HET spectra is too low. Instead, we used datasets of lower reso-
lution and complementary analyses to arrive at consistent estimates of the stellar properties.
We adopted an effective temperature of 5000±250 K, a surface gravity of 4.5±0.57, and a
metallicity of +0.2+0.3
−0.2 dex.
The TWIN stacked spectrum was also used to place an upper limit on the lithium abun-
dance of logN(Li) < 1.8, with an equivalent width upper limit of EW (Li) ∼0.089A˚. Only
upper limits were possible due to noise contamination and relatively low resolution of the
TWIN spectrum. The comparison of this limit to that observed in open clusters of a known
age (Sestito & Randich 2005), constrains the age to > 250 Myr.
The mass of WTS-2 was derived using a modified Hertzsprung-Russell diagram, as shown
in Figure 3.7, comparing the spectroscopically measured Teff to the stellar density measured
from the light curves(see Birkby et al. 2014, for details on the light curve fit and the related
results). Model isochrones were generated using the PARSEC (PAdova and TRieste Stellar
Evolution Code) v1.0 code, which includes the pre-main sequence phase (Bressan et al. 2012),
for Z = 0.019 (i.e. Solar). The model isochrones between 0.6− 13.5 Gyr allow a mass range
of M⋆ = 0.820±0.082M⊙ , which we adopted as the mass of WTS-2. We then derived a value
of 0.761 ± 0.033R⊙ for the stellar radius.
7This value was obtained from spectroscopic analysis. Birkby et al. (2014) present also a value of
4.600±0.023 obtained from light curve.
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Parameter WTS-1b WTS-2b
Mp(MJ ) 4.01± 0.35 1.12± 0.16
Rp(RJ ) 1.49
+0.16
−0.18 1.363 ± 0.061
ρp(ρJ ) 1.21± 0.42 0.413 ± 0.080
T0(HJD) 2454318.7472
+0.0043
−0.0036 2454317.81333 ± 6.5 × 10−4
P (days) 3.352057+1.3×10
−5
−1.5×10−5
1.0187068 ± 6.5 × 10−7
a(AU) 0.047 ± 0.001 0.01855 ± 0.00062
i(deg) 85.5+1.0
−0.7 83.55 ± 0.53
b 0.69+0.05
−0.09 0.584 ± 0.033
Table 3.4: Properties of the exoplanets WTS-1b and WTS-2b and their respective orbital
parameters.
3.4 The exoplanets WTS-1b and WTS-2b
Since the objective of this chapter is to present the characterization of the two planet-host
stars from the WFCAM Transit Survey, the content presented here was not focused on the
discovered planets. Nevertheless, a brief summary on the properties of the exoplanets WTS-
1b and WTS-2b are described in this section. For a complete description of the detection and
confirmation of these exoplanets, see Cappetta et al. (2012) for WTS-1b and Birkby et al.
(2014) for WTS-2b. One should notice that the detection algorithm was already summarized
in Sect. 3.1.1.
Firstly, we fit the observed light curves with analytic models presented by Mandel &
Agol (2002). From the fit we obtained the period (P ), the epoch of mid-transit (T0), the
planet/star radius ratio (Rp/Rs), the mean stellar density (ρs = Ms/R
3
s) in solar units, the
impact parameter (b = a · cos i/Rs), where i in the inclination of the system to our line-of-
sight, and the semi-major axis in units of the stellar radius (a/Rs). Secondly, we fit the RV
measurements (which were obtained from the HET high resolution spectra8) adopting the
period and transit ephemeris from the light curves, and fixing the orbit to be circular. The
model is a simple two parameters sinusoid of the form:
RV = Vsys +Ks · sin (2piφ), (3.1)
where φ is the phase, Ks is the RV semi-amplitude, and Vsys is the systemic velocity of the
system.
Combining both analysis, we obtained the parameters of the planets in question. The
properties of WTS-1b and WTS-2b are collected in Table 3.4 as well as their respective orbital
parameters9. These results are put in context later on Chapter 6.
8For more details on the RV measurements and analysis, see the respective papers for WTS-1b and WTS-2b.
9The results presented in Table 3.4 for WTS-2b are the final dilution-corrected values based on the analysis
in which the light curves were corrected for contamination by a faint red source. See Birkby et al. (2014) for
a detailed explanation on this analysis.
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3.5 Conclusions
In this chapter, the characterization of two planet-host stars were presented. Both exoplanets,
WTS-1b (Cappetta et al. 2012) and WTS-2b (Birkby et al. 2014), discovered by the WFCAM
Transit Survey, were found by the transit method and confirmed by radial velocity. The
complete analysis of their light curves were not discussed here nor the RV measurements that
led to the confirmation of their planetary masses. Only the observations and analyses made
in order to characterize the host stars of both systems were described in this chapter.
WTS-1 is a late-F star with a mass of 1.2±0.1M⊙ and a radius of 1.15+0.10−0.12 R⊙ . SED
fitting and spectroscopic analysis revealed that this star has an effective temperature of
6250±200 K, a surface gravity of 4.4±0.1, and a metallicity ranging from −0.5 to 0.0 dex. An
age estimation was done, finding a range between 600Myr and 4.5Gyr.
The atmospheric parameters of the star WTS-2 where also obtained. The analysis led
to a Teff of 5000±250 K, a log(g) of 4.5±0.5 and a [Fe/H] of +0.2+0.3−0.2 dex, corresponding to
a K2V star. With mass and radius of M⋆ = 0.820 ± 0.082M⊙ and R⋆ = 0.761 ± 0.033R⊙
respectively, this star has an age estimated to be between 600Myr and 13.5Gyr.
My direct contribution to both cases was mainly related to the acquisition of spectra at
low and intermediate resolution and the respective spectroscopic analysis. In summary, a
comparison was made of the observed spectra with a set of synthetic spectra. The interme-
diate resolution spectra were also used to search for RV variations in order to investigate the
possibility of a false positive. I also was involved on the photometric analysis related to the
SED fitting and the use of the VOSA tool.
The WFCAM Transit Survey has also provided a number of studies outside the exoplan-
etary field, for instance, the detection of eclipsing binaries and the study of stellar variability
based on the light curve generated from the fine epoch coverage. I also gave a minor con-
tribution to some other studies from this survey, which is presented later on this thesis (in
Published papers).
Chapter 4
Detection of the secondary eclipse
of WASP-10b in the Ks-band
WASP-10b, a non-inflated hot Jupiter, was discovered around a K-dwarf in a near circular
orbit (∼0.06). Since its discovery in 2009, different published parameters for this system have
led to a discussion about the size, density, and eccentricity of this exoplanet. In order to test
the hypothesis of a circular orbit for WASP-10b, we have observed its secondary eclipse in
the Ks-band, where the contribution of planetary light is high enough to be detected from
the ground. Observations were performed with the OMEGA2000 instrument at the 3.5-meter
telescope at Calar Alto (Almer´ıa, Spain), in staring mode during 5.4 continuous hours, with
the telescope defocused, monitoring the target during the expected secondary eclipse. A
relative light curve was generated and corrected from systematic effects, using the Principal
Component Analysis (PCA) technique. The final light curve was fitted using a transit model
to find the eclipse depth and a possible phase shift. The best model obtained from the
Markov Chain Monte Carlo analysis resulted in an eclipse depth of ∆F of 0.137%+0.013%
−0.019% and
a phase offset of ∆φ of −0.0028+0.0005
−0.0004. The eclipse phase offset derived from our modeling has
systematic errors that were not taken into account and should not be considered as evidence
of an eccentric orbit. The offset in phase obtained leads to a value for |e cos ω| of 0.0044. The
derived eccentricity is too small to be of any significance.
Detection of the secondary eclipse of WASP-10b in the Ks-band
P. Cruz, D. Barrado, J. Lillo-Box, M. Diaz, J. Birkby, M. Lo´pez-Morales, S. Hodgkin, J. J.
Fortney
A&A, 574, A103 (2015)
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My participation on the work presented in this chapter was clarified in Section 2.5. In short,
I carried out the reduction of the photometric data, acquired in service mode, as described
in Section 4.2. I performed a correction of systematic effects, as presented in Section 4.3.1.
I also performed the modeling of the secondary eclipse and the whole analysis using a χ2
minimization and a Markov Chain Monte Carlo (MCMC) methods, described in detail in
Section 4.3.2. I also was involved in the discussion on the orbital configuration (eccentricity
and argument of periastron) and the observed thermal emission of WASP-10b, presented in
Section 4.4.
4.1 Introduction
Since its discovery by Christian et al. (2009), the exoplanet WASP-10b seemed to be an
interesting object as a close-orbiting non-inflated hot Jupiter (with a density of ρp∼1.43
ρJ) orbiting a K-dwarf with an orbital period of 3.09 days and eccentricity of ∼0.06. This
scenario changed when updated stellar parameters were published revealing a higher density
for WASP-10b of ∼3.11 ρJ (Johnson et al. 2009), leading to a discussion about the real size
of this exoplanet. Christian et al. (2009), Dittmann et al. (2010), and Krejcˇova´ et al. (2010)
have found a radius of 1.22-1.28 RJ , larger than the one published by Johnson et al. (2009)
(1.08 ± 0.02 RJ).
Maciejewski et al. (2011a) suggested the presence of a third body in the WASP-10 system,
which would perturb the orbital motion of WASP-10b. Based on observations of eight transits,
these authors have reported Transit Timing Variations (TTVs) that could be explained by
a second planet with a mass of 0.1 MJ and an orbital period of 5.23 days. With high-
precision photometric data, Maciejewski et al. (2011b) detected signatures of stellar activity,
confirming previous evidence of activity in WASP-10b (Smith et al. 2009). Taking the
activity into consideration in their analysis, Maciejewski and collaborators supported the
results of Johnson et al. (2009) by finding a smaller planetary radius of 1.03 RJ . Spots
reduce the effective stellar disk area and can lead to an overestimation of the transit depth
and, therefore, the planetary radius, which could help explaining the different results obtained
so far for WASP-10b (Maciejewski et al. 2011b, Barros et al. 2013, and references therein).
These authors have also questioned the orbital eccentricity of WASP-10b, and argued
that it might have been overestimated because of stellar variability, favoring a circular orbit
(Maciejewski et al. 2011a,b). Later, Husnoo et al. (2012) did not find conclusive evidence of
an eccentricity detection after reanalyzing the radial velocity measurements by Christian et
al. (2009), using a Markov Chain Monte Carlo (MCMC) analysis. They supported the idea
of a circular orbit, implying that correlated noise, stellar activity, or additional companions
in the system could have caused an incorrect estimation for the eccentricity.
In an attempt to confirm the existence of another companion for the WASP-10 system,
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Barros et al. (2013) have gathered eight extra high-precision transits and analyzed them in
combination with the 22 previouly published transit light curves. For their analysis, Barros
and collaborators have assumed a circular orbit and they have concluded that the observations
are not accurate enough to confirm the presence of another planet. Alternatively, they have
suggested that the observed TTVs might have been induced by stellar activity (for more
details, see Barros et al. 2013).
Another way to confirm or exclude the possibility of a circular orbit for WASP-10b is
by observing its secondary eclipse, which has not been detected so far for this system. The
atmospheric emission properties of this planet are still unknown.
We present the first result of the Calar Alto Secondary Eclipse study (The CASE Study):
the observation of a secondary eclipse of WASP-10b and, hence, the detection of its thermal
emission in the Ks-band, where the contribution of planetary light is high enough to be
detected from the ground.
4.2 Observations and data reduction
We observed WASP-10 (K=9.983) on 2011 August 23, under photometric conditions, when
a secondary eclipse would occur assuming circular orbit1. We used the Ks-band filter (at 2.14
µm) of the OMEGA2000 instrument, which is a near-infrared wide field camera, equiped
with a 2k x 2k HAWAII-2 detector, mounted on the 3.5-meter telescope at the Calar Alto
Observatory (CAHA) in southern Spain, with a field of view of 15.4 x 15.4 arcmin and a
plate scale of 0.45 arcsec pix−1. The telescope was strongly defocused, resulting in a ring-
shaped PSF with a radius of ∼5 arcsec, with the goal of reducing intrapixel variations and
minimizing the impact of flat-field errors.
The data were gathered in staring mode, observing the target continuously without any
dithering2. Since OMEGA2000 has no auto-guider, using only the telescope tracking system,
every time the xy-position on the detector drifted 3-4 pixels from the starting position, we
performed a manual guiding correction in order to keep the target as much as possible at the
same position on the detector. We acquired a series of data where every file has 15 individual
images of 4s exposure each in order to increase the observing efficiency.
The staring mode observations were collected during approximately 5.4 continuous hours.
Before and after this sequence, we also obtained focused images composed by five dither-point
images each with the purpose of obtaining sky images for further subtraction.
The initial data reduction was performed using IRAF3 for the bad pixel removal, flat-
1The timming of this secondary eclipse was predicted with the help of the Exoplanet Transit Database,
ETD, which is maintained by Variable Star Section of Czech Astronomical Society - for more information, see
http://var2.astro.cz/ETD/index.php.
2This technique has been used for the same objective by several authors. See, for instance, Croll et al.
(2010a, 2010b, 2011), de Mooij et al. (2011).
3IRAF is distributed by the National Optical Astronomy Observatory, operated by the Association of Uni-
versities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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Table 4.1: Reference stars used for the relative photometry.
Star No. Identifier (2MASS) K magnitude
1 J23161168+3121302 9.743
2 J23152988+3124545 10.242
3 J23153263+3125204 11.277
4 J23154185+3125453 11.351
5 J23160820+3123526 11.311
6 J23161623+3125394 11.374
7 J23161550+3124310 10.182
8 J23162393+3126136 10.822
9 J23153719+3129053 11.059
10 J23155269+3127250 11.439
11 J23161392+3129131 10.611
12 J23162371+3128547 10.468
13 J23162211+3131385 8.295
fielding, and sky subtraction. We adopted a similar procedure for the sky subtraction to the
one described by Croll et al. (2010a, 2010b, 2011), where we constructed a normalized sky
map based on the previouly mentioned focused images. A single sky map was generated by
normalizing the background of the stacked source-masked images and combining them by
the median. From each image of the staring mode sequence, this sky map was scaled to the
observed median background and then subtracted.
A circular aperture photometry was performed using the aper.pro procedure from the
IDL Astronomy User’s Library4. We used a radius of 13 pixels to measure the stellar flux
and the residual sky background was measured from a ring with radii of 20 and 37 pixels for
the inner and outer annuli, for the target, and for all sufficiently bright stars in the field of
view. Different apertures were tested, from 5 to 25 pixels, in steps of 0.5 pix, and we used
the one that resulted in the optimal photometry, in order to obtain the magnitudes of the
individual measurements, given by signal-to-noise ratio estimations. We also tested different
sky annuli sizes; however, the final photometry did not present significant variations. Those
stars selected as reference stars for the relative photometry are shown in Table 4.1. Stars
presenting strong variations or any other odd behavior in their light curves were neglected.
Since the reference stars have different magnitudes, we obtained the target’s relative flux,
F , by
F (t) =
Ftar(t)∑13
i=1 Fref,i(t)
, (4.1)
where Ftar(t) is the target’s measured flux, and Fref,i(t) is the measured flux of reference star
i at a given time t. This relative flux was then normalized by its median value,
f(t) =
F (t)
F˜
, (4.2)
4IDL stands for Interactive Data Language - for further information, see
http://www.ittvis.com/ProductServices/IDL.aspx; aper.pro is distributed by NASA - see
http://idlastro.gsfc.nasa.gov/ for more details.
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where F˜ is the median value of target’s relative flux and f(t) is the target’s normalized flux.
4.3 Analysis
4.3.1 Correction of systematic effects
The relative light curve of WASP-10 is shown in Figure 4.1 (top panel), where the influence of
systematic effects masks the eclipse signal. Before we can search for the secondary eclipse, we
need to identify and remove significant systematic signals from the light curve. We searched
for correlations between the stellar flux and several parameters, including XY-position of
the centroid of WASP-10 on the detector, aperture correction5, median background level
measured before the sky map subtraction (see section 4.2), airmass and temperature and
pressure of the detector.
In order to identify the parameters related to the visible trends in the observed light
curve, we made use of a powerful statistical technique for dimensional evaluation in data sets
called Principal Component Analysis (PCA). In a Rn array, the PCA finds the linear com-
bination (vector) of n axes that best reproduces the data distribution in question. Following
this technique (see, e.g., Morrison 1976), after constructing the variance-covariance and the
correlation matrices, one obtains eigenvectors and eigenvalues that describe the whole data
set, where the eigenvector with the highest eigenvalue is defined as the principal component,
PCA1, which is the combination of parameters predominantly correlated. Subsequently,
PCA2 has the second highest eigenvalue, showing a second pattern present in the data set
in question, and so on. The first eigenvector (PCA1) is, hence, the vector that represents
most of the variance in the data set, as a first approximation. This method was applied to
our scientific case with the objective of minimizing the variance as much as possible with the
fewest components.
As systematics are supposed to affect every image entirely, being present in all stars in
the field-of-view, trends found in the light curve of any reference star should also be present
in the light curve of WASP-10. This way, we can ensure that they are not intrinsic to our
object. Therefore, we have calculated the PCAs of some of the reference stars listed in Table
4.1, selected by their 2MASS colors, minimizing differential refraction and other chromatic
effects, and with no variability previously reported. These stars were treated individually,
where their normalized fluxes were obtained from Eqs. 4.1 and 4.2, where Ftar is now the
measured flux of the reference star in question. These analyses have revealed significant
correlations of the normalized flux with the star’s y-position at the detector (yc), aperture
correction (s), airmass (sec z), and background count level (fbg).
We then calculated the PCAs for WASP-10 considering only the expected out-of-eclipse
(ooe) part of the light curve, assuming a circular orbit, where the stellar flux is assumed
5Since we used a fixed aperture of 13 pixels for the whole data set, an aperture correction was estimated
by measuring the flux using a new radius around the target centered from a bondary of 4 sigma above the
residual background. This was considered as a ”defocused seeing”, when multiplied by the plate scale.
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Figure 4.1: Top panel: Uncorrected relative light curve of WASP-10 in the Ks-band as a
function of phase. Bottom panel: Light curve after correcting for systematic effects. The solid
line shows the best fitting model.
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Figure 4.2: RMS of the residuals of the light curve for different bin sizes (see Section 4.3.1).
The dashed line shows the limit expectation for normally distributed noise.
to be constant. Similar correlations were found of the normalized flux with the same four
parameters: yc, s, sec z, and fbg. It is worth noting that only PCA1 was considered since
the purpose here was to identify parameters that have a strong influence on the data and to
eliminate only dominant patterns without compromising the collected signal.
We finally fitted for these systematics simultaneously by performing a multiple linear
regression in IDL (regress.pro). This algorithm generated a polynomial of the form
fooe = c0 + c1yc,ooe + c2sooe + c3 sec zooe + c4fbg,ooe, (4.3)
where fooe is the out-of-eclipse flux of the target and ck are constants of the fit. This modeled
trend was obtained considering only the out-of-eclipse portions of the light curve, preventing
the eclipse signal from being removed with the systematics. Then, the model was applied to
the in-eclipse portion and removed from the light curve.
The final detrended light curve is presented in Figure 4.1 (bottom panel), where the
data presents an improvement on the out-of-eclipse part of the light curve, going from a
root-mean-square, RMS, per minute-integration of 2.7× 10−3 to 2.2× 10−3.
The periodogram of the detrended data was generated to look for small low-frequency
variations in the light curve that could have remained, although nothing significant was found
down to the binning frequency. Red noise was detected only in timescales greater than ∼9-10
minutes. We note that no significant periodicities were found.
In order to increase the precision of the photometry and reduce the error bars in the light
curve, we have investigated the noise level (RMS) behavior, considering only the expected
out-of-eclipse part, by binning the curve into different bin sizes from 1 to 700 points per
bin. For the last case, the light curve would only have 3 points, since we have a total of
2249 out-of-eclipse individual measurements. The residuals behavior is shown in Figure 4.2,
along with the expected Gaussian noise given by one over the square root of the bin size. The
photometry is still affected by other systematics, as the RMS of the residuals is slightly higher
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than the white noise limit. Considering that there is a significant contribution of red noise
in the binned data, we have estimated the amount of additional noise that will be considered
in the final uncertainties.
Following the formalism presented by Pont et al. (2006), and discussed by Carter & Winn
(2009) as the “time-averaging” method, we find that the rescale factor, β, is given by
β =
√
1 +
(
σr
σw
)2
, (4.4)
where σr and σw are the red noise and the white noise, respectively.
As illustrated in Figure 4.2, the RMS of the residuals decreases for greater bin sizes. We
have binned the light curve considering the optimal RMS within a bin limit defined as half
of the ingress duration. Thus, we performed our analysis binning the light curve with 127
points per bin (≈8.47 minutes), corresponding to an interval of ∼0.00190 in phase, reaching
a minimum RMS of 0.65 × 10−3. This RMS can be interpreted as the sum in quadrature of
white noise and the red noise contribution of 0.51× 10−3 and 0.41× 10−3, respectively. This
way, the rescale factor from Eq. 4.4 is of ∼1.28. However, if we estimate σr and σw using the
system of equations dicussed by Winn et al. (2007, and references therein), which are
σ21 = σ
2
w + σ
2
r , (4.5)
σ2N =
σ2w
N
+ σ2r , (4.6)
where σ1 and σN are the standard deviation of the residuals and the standard deviation of
the time-averaged residuals, respectively, then the β value is much smaller, of around ∼1.06.
To avoid underestimating our errors, we consider the rescale factor calculated previously
(∼1.28), which represents an increase of 28% in the uncertainties.
4.3.2 Modeling the secondary eclipse
The next step was to fit the binned light curve (with 127 points per bin) to obtain the
secondary eclipse depth and detect a possible phase offset, due to an eccentricity. We used the
occultation model from Mandel & Agol (2002), assuming no limb-darkening. The parameters
used were taken from Barros et al. (2013) and are shown in Table 4.2. We have performed
two fitting procedures: grid models comparison and MCMC analysis. A third analysis was
also performed, considering the unbinned light curve, unifying the detrend function and the
occultation model in a joint fit, which will be presented later in this section.
The first analysis was performed by comparing the observations to a grid with more than
1.26 × 107 models, generated in order to vary the expected phase of mid-eclipse φc, the
depth of the eclipse ∆F , and the out-of-eclipse baseline level Fbl. This grid considers every
configuration possible within a space of parameters that covers central phases from 0.47 to
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Table 4.2: Parameters of WASP-10b system considered in this work. References: (1) Barros
et al. (2013); (2) Christian et al. (2009)
Parameter Value
Normalized separation a/R∗ 11.895±0.083 (1)
Planet-star radii ratio Rp/R∗ 0.15758
+0.00036
−0.00039 (1)
Transit epoch T0 (days) 2454664.038090±0.000048 (1)
Transit duration T1−4 (hours) 2.2363±0.0051 (1)
Orbital period P (days) 3.09272932±0.00000032 (1)
Orbital inclination i (deg) 88.66±0.12 (1)
Semimajor axis a (AU) 0.0375±0.0017 (1)
Stellar radius R∗ (R⊙) 0.678
+0.028
−0.032 (1)
Planet radius Rp (RJup) 1.039
+0.043
−0.049 (1)
Stellar Teff (K) 4675±100 (2)
Figure 4.3: Secondary eclipse of WASP-10b in the Ks-band obtained in the MCMC analysis.
The black circles show the data binned every ∼8.47 minutes (127 points per bin). The solid line
represents the best model obtained from the MCMC analysis, resulting in an eclipse depth of
∆F = 0.137%, with a baseline level at Fbl = 0.99984. The dotted lines illustrate the ingress and
egress positions of the expected eclipse for a circular orbit, and the dashed lines show a phase
shift of ∆φ = −0.0028, given by the best model. The residuals are presented in the lower panel.
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Figure 4.4: Distributions from the MCMC analysis, showing the correlation between param-
eters and the individual parameter histograms. The dashed and dotted lines show the error
estimation for one and two sigma.
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0.52 in steps of 0.0001, baseline levels from 0.998 to 1.002 in steps of 0.00005, and eclipse
depths from −0.01% to 0.3% in steps of 0.001%, where the negative depths test the possibility
of detecting a small increment in the measured flux instead of a decrement, which would be
compatible with a non-detection. The best fit was defined as the model with the lowest χ2,
presenting a depth of ∆F of 0.139%, a baseline level Fbl of 0.99985, and a phase shift ∆φ of
−0.0028. These results were used as inputs in the MCMC analysis.
For the second analysis, we fit for the same three parameters (∆F , ∆φ and Fbl) using the
MCMC method, generating four chains of 1.1×106 each, with different initial conditions. To
ensure that the initial conditions were not contaminating the final results, the first 1 × 105
simulations from each chain were trimmed out of the analysis, remaining a total of 4 × 106
when combining the results from all chains generated.
Figure 4.3 presents the best model obtained from the MCMC analysis, with an eclipse
depth ∆F of 0.137%+0.010%
−0.015%, a phase offset ∆φ of −0.0028+0.0004−0.0003 for a 1σ detection, and
a baseline level at Fbl = 0.99984
+0.00006
−0.00008 . Also shown are the ingress and egress positions
expected for a circular orbit (dotted vertical lines) and the new ingress and egress given by
the best model (dashed vertical lines). In order to have more reliable observational error
bars, we have rescaled them such that the reduced χ2 was equal to unity by multiplying by
factor of
√
(χ2dof ). In Figure 4.4, the correlation between the parameters obtained from the
MCMC analysis are illustrated, along with the individual parameter histograms.
Taking into consideration the additional noise contribution discussed in Section 4.3.1,
we have rescaled these uncertainties by the rescale factor presented in that section so as to
have more reliable bars. Thus, we have obtained as results: ∆F = 0.137%+0.013%
−0.019%, ∆φ =
−0.0028+0.0005
−0.0004 , and Fbl = 0.99984
+0.00008
−0.00010 .
We also examined other cases to investigate the behavior of our results in function of
the bin size considered. We applied the same MCMC analysis, first to the unbinned light
curve with 3900 individual measurements, with a higher RMS (5.7 × 10−3). The result
provided a depth of 0.134%+0.011%
−0.013%, a phase offset of −0.0018+0.0017−0.0003 , and a baseline level at
Fbl = 0.99998
+0.00006
−0.00008 (for a 1σ detection). Considering a bin of one minute (15 points per
bin), we obtained ∆F = 0.140%+0.018%
−0.020%, ∆φ = −0.0027+0.0006−0.0006, and Fbl = 0.99993+0.00009−0.00012 ,
with rescaled uncertainties.
In order to integrate the effect of the systematics into the uncertainties, we performed a
joint fit of the unbinned light curve with the MCMC method as a third analysis (hereafter
joint-MCMC). This joint-MCMC fits the eclipse and the systematics simultaneously, as
model = mocc × fsys, (4.7)
where mocc is the occultation model mentioned earlier in this section and fsys is similar to
Eq. 4.3, but now calculated for the whole data set.
In the same way as presented before, the joint-MCMC was done by running four chains
of 1.1× 106 each. The initial conditions were defined as the results from the second analysis
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Figure 4.5: MCMC analyses for different bin sizes. From top to bottom, the black circles
are the light curves with 1 (unbinned) and 15 points per bin (0.067 and 1 minute per bin,
respectively). The solid lines show the model obtained for each case, showing the coherence of
the results.
for the unbinned light curve, for the eclipse depth and the phase offset (0.134% and −0.0018,
respectively). The baseline level was kept fixed (Fbl = 1.0). As initial conditions for the fsys
function, we have considered the contants obtained by the linear regression (see Sect. 4.3.1).
The first 1 × 105 simulations from each chain were also excluded from the analysis, as done
in the previous MCMC.
This final analysis has provided the following results for the eclipse: ∆F = 0.139%+0.011%
−0.023%
and ∆φ = −0.0019+0.0019
−0.0002. Figure 4.6 shows the best occultation model obtained by this third
analysis for the unbinned light curve, after removing the contribution of the systematics.
These analyses show that results from different fitting techniques and bin sizes are con-
sistent and compatible with each other, within the error bars. Therefore, we have considered
the results from the second analysis for binned light curve (with 127 points per bin).
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Figure 4.6: Secondary eclipse of WASP-10b in the Ks-band obtained in the joint-MCMC
analysis. The small black circles show the unbinned data points. The solid line represents the
best occultation model obtained from the joint-MCMC analysis, after removing the contribution
of the systematics. The dotted lines illustrate the ingress and egress positions of the expected
eclipse for a circular orbit, and the dashed lines show the phase shift given by the model. The
residuals are presented in the lower panel.
Figure 4.7: Testing different orbital configurations for |e cosω| ≃ 0.0044. For very specific
values of ω, WASP-10b can have a small eccentricity, the order of ∼ 0.05.
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4.4 Discussion
4.4.1 A circular orbit for WASP-10b
An observed phase difference between the center of the transit and the secondary eclipse
(δφ = φecl−φtra) may suggest a non-zero eccentricity. The measured offset of ∆φ = −0.0028
means that the center of the secondary eclipse occured at phase φecl = 0.4972 instead of at
phase φ = 0.5, expected for a circular orbit. From the results, we were able to estimate the
eccentricity of WASP-10b, using the following relation, in phase (Wallenquist 1950, Lo´pez-
Morales et al. 2010)
e cos ω = pi · δφ− 1/2
1 + csc2(i)
, (4.8)
where e is the eccentricity, ω the argument of periastron, and i the orbital inclination. Con-
sidering i from Barros et al. (2013), we obtain that e cosω ≃ −0.0044. The negative sign
indicates that ω is a value between 90 and 270 degrees. Considering the ω of 167.13◦, pub-
lished by Christian et al. (2009) in WASP-10b’s discovery paper, its orbit would have an
eccentricity of e ≃ 0.0045. This value is fully consistent with a circular orbit, although it is in
disagreement with their published eccentricity of e ≃ 0.059. Finally, if we use the value given
by Johnson et al. (2009) for ω of 153.3◦, we get e ≃ 0.0049, also in favor of a null eccentricity
and different from their result (e ≃ 0.051). These derived eccentricities are too small to be
of any significance. Considering the phase offset found from our analysis, we cannot explain
the eccentricities found in the literature.
The eclipse phase derived from our modeling should not be considered as evidence of an
eccentric orbit. The phase offset found is small and there are systematic errors that were
not taken into account in the formal phase uncertainty quoted. The offset is also slightly
dependent on the analysis method, being frequently smaller than 0.0028.
Our observed phase suggests a circular orbit for WASP-10b, in agreement with previous
results (Maciejewski et al. 2011a, Husnoo et al. 2012, Barros et al. 2013). Nevertheless,
there are orbital configurations that can lead to the small eccentricities found in the literature
for certain values of ω. Figure 4.7 illustrates the range of possibilities for the pair e and
ω, according to our results for e cosω, showing that in order to obtain an eccentricity of
approximately 0.04 to 0.06 (Christian et al. 2009, Johnson et al. 2009, Husnoo et al. 2012),
the argument of periastron should respect the intervals of 94.23◦ ≤ ω ≤ 96.35◦ or 263.65◦ ≤
ω ≤ 265.77◦. The values for ω published so far are placed outside the mentioned intervals
and, thus we believe that the null eccentricity (e = 0) represents an optimal solution.
4.4.2 WASP-10b’s thermal emission
The MCMC analysis resulted in a planet-to-star flux ratio of 0.137%, as presented in section
4.3.2. From that eclipse depth, assuming both components of the system, planet and star,
emit as black-bodies, and considering the stellar parameters shown in Table 4.2, we derived
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Figure 4.8: Model spectrum of thermal emission of WASP-10b with an instant reradiation
over the dayside (f = 2/3), computed without TiO/VO (solid line). The filled circle shows the
measured planet-to-star flux ratio, in the Ks-band (at 2.14 µm). The error bars are inside the
filled circle. The square represents the expected flux within the same band for the presented
model. The Ks-band transmission curve (gray line) is shown at the bottom of the panel at
arbitrary scale.
a Ks-band brightness temperature for WASP-10b of TKs ≃ 1647+97−131 K (2σ). The maximum
expected equilibrium temperature6 for the planet, assuming zero Bond albedo and instant
reradiation (AB = 0 and f = 2/3, respectively; see Lo´pez-Morales & Seager 2007) is Teq ≃
1224 K. This temperature is about 25% cooler than the observed TKs.
We compared the measured planet-to-star flux ratio with several atmospheric spectral
models by Fortney et al. (2006, 2008), generated with different reradiation factors, computed
without TiO/VO. However, none of the models used in this comparison was able to reproduce
the observed high emission of WASP-10b. Figure 4.8 shows, as an example, a model spectrum
from Fortney and collaborators considering an instant reradiation over the dayside (f = 2/3),
computed without TiO/VO.
We have considered possible explanations for finding a higher temperature than the ex-
pected. The first one could be an overestimation of the eclipse depth. A recent study by
Rogers et al. (2013) has found that some of the light curve systematics found in ground-based
data cannot always be successfully removed by de-correlation techniques and can introduce
significant biases in the derived eclipse depth. These biases generally appear to be on the
order of ±10%. However, for the case of WASP-10b, even if the depth derived in Section
4.3.2 was overestimated by as much as 20%, the planet’s observed temperature would only
decrease by about 100 K.
As mentioned before, several works have presented signatures of activity in WASP-10
6According to Lo´pez-Morales & Seager (2007), the equilibrium temperature of an exoplanet is given by
Teq = Ts(Rs/a)
1/2[f(1 − AB)]
1/4, where Ts and Rs are the stellar effective temperature and radius, a is the
orbital semimajor axis, f is the reradiation factor, and AB is the planet’s Bond albedo.
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(Smith et al. 2009, Maciejewski et al. 2011b, Barros et al. 2013). Hence, another explanation
could be related to stellar activity. The intrinsic activity of the parent star could be affecting
the planet’s equilibrium temperature. It has been observed that activity can significantly
affect the size of low-mass stars (e.g., Lo´pez-Morales 2007), resulting in a 10-15% larger radius
than the one predicted by models. However, even a 15% increase in stellar radius would only
increase the temperature of the planet by about 100 K in this case. In addition, the activity-
induced increase in radius is usually accompanied by a drop in the effective temperature of
the star (Morales et al. 2010), so both effects compensate and the temperature of the planet
will not vary significantly.
Nevertheless, since this is a young K-dwarf system with an age of 270 ± 80 Myr (Ma-
ciejewski et al. 2011a), strong flaring events are expected to occur more frequently and could
affect the upper atmosphere of its planetary companion. As presented by Khodachenko et
al. (2007), Coronal Mass Ejections (CMEs) may radically affect planetary environments due
to their high speed, intrinsic magnetic fields, and increased plasma densities. The interac-
tion of CMEs with upper planetary atmospheres can modify the thermospheric density and
temperature structure, which can lead to atmospheric escape.
Lammer et al. (2006) suggested that Hot Jupiters with intrinsic magnetic moments
of less than 10% of Jupiter’s magnetic moment cannot balance a dense CME plasma flow
and can be strongly eroded by ion pick up and other non-thermal loss processes. Several
studies have investigated such effects (Khodachenko et al. 2007, Lammer et al. 2007),
concluding that constant UV flares and X-ray radiations are capable of heating and enhancing
atmospheric escape, or even of destroying the exoplanet’s atmosphere. An example of an
exoplanet observed with an evaporating atmosphere is HD 189733b: a very hot Jupiter with
semimajor axis of 0.0313 AU and orbital period of 2.219 days, orbiting an active K-dwarf
(Bouchy et al. 2005; Lecavelier Des Etangs et al. 2010). This system is very similar to the
WASP-10b system (a = 0.0375 AU, P ≃ 3.093 days), but a little older than WASP-10 (0.6
Gyr, Melo et al. 2006), and could help us to understand the present scenario. Recently, some
models showed that most of the EUV and X-ray energy coming from an active central star
makes the atmosphere escape the planetary gravitational potential (Sanz-Forcada et al. 2011,
Owen & Jackson 2012, Bourrier et al. 2013). Lecavelier Des Etangs et al. (2009, 2011) have
found a low radio emission from HD 189733b, implying a weak planetary magnetic field, which
could help to explain the evaporating atmosphere. Nevertheless, this is still a controversial
subject and a deep study in the field would be necessary to check this hypothesis.
There is also the possibility of the planet actually being brighter than the expected equi-
librium temperature. Several authors have published similar results, for instance, Rogers et
al. (2009) on CoRoT-1b and Ca´ceres et al. (2011) on WASP-4b, among others. The most
recent one is the work from Wang et al. (2013) on WASP-43b, where they presented a Ks-
band brightness temperature that was ∼ 300 K higher than predicted. However, they have
found a good agreement with other predictions from planetary atmospheric models.
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4.5 Conclusions
In this work we investigated the hypothesis of a circular orbit for WASP-10b, by observing
a secondary eclipse in the Ks-band. The data was acquired using the OMEGA2000 instru-
ment at the 3.5-meter telescope at Calar Alto (Almer´ıa, Spain), in staring mode, with the
telescope defocused. We made use of the Principal Component Analysis technique to identify
systematic effects related to some visible trends in the photometry.
The final detrended light curve was fitted using a transit model from Mandel & Agol
(2002). Different analyses were performed, considering a grid of models and a MCMC analysis
of several data binnings, which led to consistent results. The best model obtained from
the MCMC analysis revealed an eclipse depth (∆F ) of 0.137%+0.013%
−0.019%, a phase offset (∆φ)
of −0.0028+0.0005
−0.0004 for a 1σ detection, with the baseline level (Fbl) at 0.99984
+0.00008
−0.00010 . The
obtained phase offset leads to a value for |e cos ω| of 0.0044, which is ten times smaller than
expected, and is fully consistent with a circular orbit.
Assuming the planet emits as a blackbody, from the measured planet-to-star flux ratio we
derived the Ks-band brightness temperature for WASP-10b of TKs ≃ 1647+97−131 K, exceeding
the maximum expected equilibrium temperature for the planet of Teq ≃ 1224 K, considering
zero Bond albedo and instant reradiation (AB = 0 and f = 2/3, respectively). Several
scenarios were considered in order to understand the high dayside thermal emission detected
for WASP-10b. None of them, however, were conclusive.
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Chapter 5
A detection of the secondary eclipse
of Qatar-1b in the Ks-band
Qatar-1b is a close-orbiting hot-Jupiter (Rp ≃ 1.18 RJ , Mp ≃ 1.33 MJ) around a metal-rich
K-dwarf, with orbital separation and period of 0.023 AU and 1.42 days, respectively. Aiming
at defining its orbital configuration, we have observed the secondary eclipse of this exoplanet
in the Ks-band. We obtained photometric data from the ground by using the OMEGA2000
instrument at the 3.5 m telescope at Calar Alto (Almer´ıa, Spain), in staring mode, with the
telescope defocused. We corrected the differential light curve from systematic effects using
the Principal Component Analysis (PCA) technique to identify correlated trends. A Markov
Chain Monte Carlo analysis was performed in order to fit for the secondary eclipse of Qatar-1b
using the occultation model by Mandel & Agol (2002). The detection of the secondary eclipse
allows an investigation of the possible orbital eccentricity and the determination of periastron
interval suitable for the system. The best fit model to the obtained data implies an eclipse
depth of 0.183%+0.021%
−0.025%, a light curve baseline level at 1.00031
+0.00011
−0.00012 , and a deviation in phase
from the expected mid-eclipse of −0.0069+0.0008
−0.0008. These results led to an |e cos ω| ≃ 0.0108,
giving a minimum eccentricity for the system of approximately 0.01. The planet-to-star flux
ratio observed resulted in a brightness temperature in the Ks-band of 1849+114
−121 K.
A detection of the secondary eclipse of Qatar-1b in the Ks-band
P. Cruz, D. Barrado, J. Lillo-Box, M. Diaz, J. Birkby, M. Lo´pez-Morales, J. J. Fortney
submitted for publication in A&A (2015)
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My participation on the work presented in this chapter was also clarified in Section 2.5. As in
the previous chapter, I performed the reduction of the photometric data, obtained in service,
which is shown in Section 5.2. I corrected the differential light curve from systematic effects,
as presented in Section 5.3.1. I also performed the modeling of the secondary eclipse and the
following analysis with a Markov Chain Monte Carlo (MCMC) method, presented in Section
5.3.2. I was also involved in the discussion on the orbital configuration and the observed
brightness temperature of Qatar-1b in the Ks-band, shown in Section 5.4.
5.1 Introduction
Qatar-1b is a close-orbiting hot-Jupiter, with a radius of Rp = 1.164 ± 0.045 RJ and a
planetary mass of Mp = 1.090
+0.084
−0.081 MJ (Alsubai et al. 2011). It orbits its central star, a
metal-rich K-dwarf, with a period of approximately 1.42 days, and an orbital separation of
0.02343+0.00026
−0.00025 AU. This exoplanet was firstly discovered to be in a circular orbit (e = 0.0;
Alsubai et al. 2011). Its orbital configuration made this exoplanet an interesting object to
be studied, for instance, in the field of star-planet interactions or tidal evolution (Covino et
al. 2013).
Covino et al. (2013) published five new transit epochs, which combined with previous
data from Alsubai et al. (2011) resulted in new ephemerides and improved parameters for
Qatar-1b system (Rp = 1.18± 0.09 RJ ; Mp = 1.33± 0.05 MJ). These authors also presented
a revised orbital solution for this object, based on 11 radial velocity (RV) measurements,
finding an eccentricity of e = 0.020+0.011
−0.010. They also observed the Rossiter-McLaughlin effect
in the RV curve, providing a constraint to the misalignment between the star spin axis and
the planet orbit axis.
According to von Essen et al. (2013), this exoplanet’s impact parameter favors the de-
tection of Transit Timing Variations (TTVs), hence, recently they reported indications of
long-term TTVs, based on 26 primary transits. In order to help explaining the observed
∼190 days TTV period, these authors presented two different cases that could be responsible
for such variations. The first case would be a weak perturber in resonance with Qatar-1b,
since two planetary bodies in resonance would experience long-term variations in their orbital
parameters. Considering Qatar-1b in circular orbit and the perturber with mass of several
Earth masses in an eccentric orbit, they suggested three scenarios that would satisfy the ob-
servations, with specific resonant orbits. The scenarios are: i) Qatar-1b with a longitude of
periastron, ω, of 274◦ in 5:2 resonance with a perturber with planetary mass, Mper, of 0.019
MJ and an orbital period, Pper, of 3.55 days; ii) Qatar-1b with ω = 190
◦ in 2:1 resonance
with a perturber with Mper ≃ 0.005 MJ and Pper ≃ 2.84 days, or iii) Qatar-1b with ω = 202◦
in 3:1 resonance with a perturber withMper ≃ 0.035 MJ and Pper ≃ 4.26 days. Alternatively,
the second possible explanation of the observed TTVs would be a massive perturber, with
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mass in the brown dwarf regime, in a 190-day eccentic orbit. For this case, the authors argued
that this kind of object would cause RV variations in the host star signal, however, long-term
RV variations of Qatar-1 are unknown with the current available data.
Considering the possibility of a second exoplanet in a resonant orbit with Qatar-1b pro-
posed by von Essen et al. (2013), and that the scenarios presented by these authors require
specific values of longitude of periastron for this exoplanet, we can investigate the orbital
configuration of Qatar-1b in order to constrain better such scenarios.
In this paper we present the second result of the Calar Alto Secondary Eclipse study
(the CASE study; see Cruz et al. 2015): a detection of the secondary eclipse of Qatar-1b in
Ks-band, and the study of the orbital configuration of this planet. This paper is divided as
follows: in Sect. 2 we present the data acquisition and the reduction procedures applied to
them; in Sect. 3 we describe the analyses done considering corrections of systematic effects
and modeling the eclipse, and show the results; in Sect. 4 we discuss the thermal emission
and the orbital configuration of Qatar-1b, and finally we present our conclusions in Sect. 5.
5.2 Observations and data reduction
Qatar-1 (K=10.409) was observed in service mode on the night of 2011 August 30, un-
der photometric conditions. This night was selected by estimating the occurance of a sec-
ondary eclipse, assuming a circular orbit1. We used the Ks-band filter (at 2.14 µm) of the
OMEGA2000 instrument equiped with a 2k x 2k HAWAII-2 detector, on the 3.5 m telescope
at the Calar Alto Observatory (CAHA) in southern Spain. The field of view is of 15.4 x 15.4
arcmin and the plate scale of 0.45 arcsec pix−1. In order to reduce intrapixel variations and
minimize the impact of flat-field errors, the telescope was arbitrarily defocused, resulting in
a ring-shaped PSF with a mean radius of ∼4.45 arcsec.
As done in Cruz et al. (2015), the data were acquired in staring mode, observing contin-
uously the target without dithering2. We gathered a series of data where every file has 15
individual images of 4s exposure each. A manual guiding correction was performed, keeping
the stars as much as possible around the same position on the detector. These staring mode
observations were collected during approximately 4.2 hours. Before and after this sequence,
in-focus images composed by 5 dither-point images each were also obtained for further sky
subtraction. The data reduction was performed using IRAF3 for the bad pixel removal,
flat-fielding and sky subtraction, which are described in more detail in Cruz et al. (2015).
We performed aperture photometry in each image using the aper.pro procedure from the
1The secondary eclipse timing was predicted with the help of the Exoplanet Transit Database,
ETD, maintained by the Variable Star Section of Czech Astronomical Society - for more details,
http://var2.astro.cz/ETD/index.php.
2Technique that has been used for similar purposes by several authors. For example, Croll et al. (2010a,
2010b, 2011), de Mooij et al. (2011), Cruz et al. (2015).
3IRAF is distributed by the National Optical Astronomy Observatory, operated by the Association of Uni-
versities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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Table 5.1: Reference stars used for the relative photometry.
Star No. Identifier (2MASS) K mag
1 J20142800+6506270 9.231
2 J20131440+6507000 10.560
3 J20142873+6507445 9.584
4 J20123648+6508138 9.254
5 J20141068+6511408 10.674
6 J20133795+6512408 10.643
7 J20140978+6512548 8.995
8 J20125213+6514365 9.347
9 J20135707+6515082 8.879
IDL Astronomy User’s Library4. We selected a circular aperture with a radius of 12.5 pixels
and inner and outer annuli of 19.5 and 36.5 pixels, respectively, to measure the residual sky
background. For the photometry, we tested different apertures from 3 to 25 pixels, in steps
of 0.5 pix. We used the aperture that presented a maximum signal-to-noise ratio for the
target. Sky annuli were also varied by several pixels, however, these variations did not affect
considerably the final photometry.
Table 5.1 shows the stars used as reference for the differential photometry. These stars
were selected because they did not present any strong variations nor other odd behavior in
their light curves.
The relative flux of Qatar-1 was calculated by its measured flux, Ftar(t), over the sum of
the flux of all reference star considered, and then normalized by its median value, as follows:
F (t) =
Ftar(t)∑9
i=1 Fref,i(t)
, (5.1)
f(t) =
F (t)
F˜
, (5.2)
where Fref,i(t) is the measured flux of reference star i, at a given time t, F˜ is the median
value of target’s relative flux, and f(t) is the target’s normalized flux.
5.3 Data analysis and results
The analysis of the data presented here followed the steps presented in the previous paper
of this series (Cruz et al. 2015). We maintained the same procedure in order to obtain an
homogeneous analysis, having coherence between the results.
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Figure 5.1: Top panel: Uncorrected differential light curve of Qatar-1 in the Ks-band against
in phase. Bottom panel: Detrended light curve, after systematic effects correction. The solid
line previously shows the best fitting model.
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5.3.1 Correction of systematic effects
The raw differential light curve of Qatar-1 is shown in Fig. 5.1 (top panel). The secondary
eclipse is not visible because of systematic effects. In order to clean the light curve from these
systematics, we have searched for correlations between the observed flux and several other
parameters. We have used the Principal Component Analysis (PCA) technique, a powerful
statistical tool for dimensional evaluation in data sets5 (for more details, see Cruz et al.
2015). This method was applied to our scientific case, where we have considered only the
vector that represented most of the variance in the data set, the first eigenvector, PCA1. The
purpose here was to identify parameters that strongly affect and influence the data and to
eliminate only dominant patterns without compromising the eclipse signal.
Trends found in the light curve of the reference stars should be present in the light curve
of Qatar-1 also, as these stars do not show any odd variability. These trends would be present
in all stars of the field-of-view, since systematics are supposed to affect the whole image. In
this way, we can be secure they are not intrinsic to our object.
Thus, we have calculated the PCAs for a few reference stars listed in Table 5.1. Those
stars with similar 2MASS colors were selected to minimize differential refraction and other
chromatic effects. They were treated separately, being their normalized fluxes obtained from
Eq.5.1 and 5.2, where Ftar is the measured flux of the reference star in question. These
analyses have revealed significant correlations of the normalized flux with star’s xy-position
of the centroid at the detector (xc, yc), aperture correction
6 (s), and airmass (sec z). We also
have calculated the PCAs for Qatar-1 considering only the expected out-of-eclipse (ooe) part
of the light curve, assuming a circular orbit, where the stellar flux is supposed to be constant.
Thereafter, we have performed a multiple linear regression in IDL (regress.pro), fitting for
these systematics simultaneously, generating a polynomial of the form:
fooe = c0 + c1xc,ooe + c2yc,ooe + c3sooe + c4 sec zooe. (5.3)
Here, fooe is the out-of-eclipse flux of the target and ck are constants of the fit.
The linear regression was performed only in the expected out-of-eclipse part of the light
curve, in order to avoid the removal of eclipse signal along with systematics. Once modelled
this trend, the model was interpolated to the in-eclipse part, and only then extracted from
the curve.
The final decorrelated data presented an improvement on the out-of-eclipse portion of the
4IDL stands for Interactive Data Language - for further information, see
http://www.ittvis.com/ProductServices/IDL.aspx; aper.pro is distributed by NASA - see
http://idlastro.gsfc.nasa.gov/ for more details.
5In a Rn array, the PCA finds the linear combination (vector) of n axes that better reproduces the data
distribution in question. For more, see Morrison (1976)
6Since we have used a fixed aperture (12.5 pixels) for the whole data set, an aperture correction was
estimated by measuring the flux using a new radius around the target centered from a bondary of 4 sigma
above the residual background, for every image individually. This was considered as a ”defocused seeing”,
when multiplied by the plate scale.
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Figure 5.2: RMS of the residuals of the out-of-eclipse portion of the light curve, for different
bin sizes. The dashed line shows the limit expectation for normally distributed noise.
light curve, going from a root-mean-square, RMS, per minute-integration of 4.1 × 10−3 to
3.3×10−3. Figure 5.1 (bottom panel) shows the final light curve, considered for the following
analysis. Even though the quality of the data has improved, the calculated RMS is higher
than we expected. This suggests that other systematics, that could not be removed, are
affecting the photometric data.
We show in Figure 5.2 the behavior of the residuals. The expected Gaussian noise, defined
as one over the square-root of the bin size, is also presented for comparison. Considering only
the expected out-of-eclipse data, we have explored the noise level (RMS) behavior by binning
the curve with different bin sizes, from 1 to 580 points per bin from a total of 1761 out-of-
eclipse individual measurements. In the latest case, the binned light curve would have only
three points. The RMS of the residuals is higher than the white noise, what could be due to
the presence of the remaining systematics in the photometric data.
Given a bin limit, defined by half of the ingress duration, we have searched for an optimal
RMS in order to bin the data set and to increase the precision of the light curve. The curve
binned every 143 points (≈ 9.533 minutes, which represents 0.00466 in phase, approximately),
showed the lowest RMS of 1.5 × 10−3. Since the red noise here is not negligible, we have
considered an additional noise to be included in the final uncertainties. We used the “time-
averaging” method (Carter & Winn 2009, and references therein), which calculates a rescale
factor, β, as
β =
√
1 +
(
σr
σw
)2
. (5.4)
Here, σr represents the red noise and σw, the white noise.
We can interpret the RMS of 1.5× 10−3, obtained from the light curve binned every 143
points, as the sum in quadrature of white and red noises of 0.60 × 10−3 and 1.41 × 10−3,
respectively. These values lead to a high β of ∼2.57, representing an increase of 157% in the
uncertainties of the binned light curve. This is a consequence of the limited quality of our
data set and suggests that the binned light curve has a greater influence of red noise than
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desired. For this reason, we have performed the following analysis considering the unbinned
light curve. The curve binned every 143 points, was also analyzed as a comparison.
5.3.2 A model for the secondary eclipse
Using the transit model from Mandel & Agol (2002), assuming no limb-darkening, we have
performed a Markov chain Monte Carlo (MCMC) analysis in order to fit for Qatar-1b sec-
ondary eclipse. Table 5.2 shows the orbital parameters used in the occultation model and in
the analysis, published by Covino et al.(2013).
Table 5.2: Qatar-1b parameters of the system from Covino et al. (2013) used in the analysis.
Parameter Value
Planet-star radii ratio Rp/R∗ 0.1513±0.0008
Transit epoch T0 (days) 2455518.41094±0.00016
Transit duration T1−4 (days) 0.0678±0.0010
Orbital period P (days) 1.42002504±0.00000071
Orbital inclination i (deg) 83.82±0.25
Semimajor axis a (AU) 0.02343±0.0012
Stellar radius R∗ (R⊙) 0.80±0.05
Planet radius Rp (RJup) 1.18±0.09
Stellar Teff (K) 4910±100
The MCMC was used to fit for three parameters: the eclipse depth (∆F ), a phase devia-
tion (∆φ) of the eclipse in order to search for variations in time, what would imply a non-zero
eccentricity, and the baseline level (Fbl). We ran four chains of 1.1 × 106 simulations each,
with different starting conditions, searching for the lowest χ2. The first 1 × 105 simulations
from each chain were neglected, so that the analysis is not influenced by the initial conditions.
In total, we have generated 4× 106 models, considering the simulations from all four chains.
The best fitting model of the detrended unbinned light curve (with all 2850 individual
measurements), given by the minimum χ2, obtained by the MCMC analysis resulted in an
eclipse depth, ∆F , of 0.183%+0.021%
−0.025%, a light curve baseline level, Fbl, at 1.00031
+0.00011
−0.00012 , and
a measured deviation in phase from mid-eclipse timing, ∆φ, of −0.0069+0.0008
−0.0008 , for a 1σ detec-
tion. Figure 5.3 illustrates this solution, where the dots show the individual measurements.
The dotted lines show the ingress and egress position expected for the secondary eclipse
considering circular orbit, and the dashed lines present the ∆φ found in the analysis. The
distributions from the MCMC analysis and the correlation between the three parameters,
from all 4× 106 simulations, are presented in Figure 5.4.
We also have performed the MCMC analysis considering the binned light curve with 143
points per bin (∼9.5 minutes), selected as the optimal RMS (Sect. 5.3.1). We obtained as
results an eclipse depth of 0.185%+0.021%
−0.026% in flux, a deviation in phase of −0.0056+0.0009−0.0007 and
a baseline level at 1.00018+0.00010
−0.00014 , for 1σ detection. This solution is presented in Figure
5.5, where the solid line represents the best occultation model. The grey crosses show the
individual measurements (top panel) and the black circles represent the data binned every 143
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Figure 5.3: Secondary eclipse of Qatar-1b in the Ks-band, showing the best fitting model with
∆F = 0.183%, Fbl = 1.00031 and ∆φ = −0.0069. The dots show the individual measurements.
The dotted vertical lines show the ingress and egress positions expected for circular orbit, and
the dashed lines present ingress and egress found in the analysis.
individual measurements, as in the bottom pannel (Fig. 5.5). The error bars were rescaled
by a factor of
√
(χ2dof ) to have the reduced χ
2 equal to unity. As discussed in Sect. 5.3.1,
we considered an additional noise by rescaling the uncertainties obtained from the MCMC
analysis by the β factor estimated earlier. More reliable results for the binned light curve
are: ∆F = 0.185%+0.055%
−0.067%, ∆φ = −0.0056+0.0024−0.0020, and Fbl = 1.00018+0.00028−0.00036 .
Another analysis was peformed, unifying the decorrelation function and the MCMC anal-
ysis in a joint fit (hereafter joint-MCMC). This way, we were able to integrate the effect of the
systematics into the uncertainty estimates, as in Cruz et al. (2015). We then simultaneously
fit for the secondary eclipse and the systematic effects, generating a model of the form
model = mocc × fsys. (5.5)
The occultation model used in the previous analysis is represented here by mocc. The poly-
nomial fsys is given by Eq. 5.3, however it is calculated for the whole data set.
The results from the previous MCMC analysis of the unbinned light curve were considered
as initial conditions in the joint-MCMC, except for the baseline level, which was kept fixed
at Fbl = 1.0. The constants obtained by the linear regression (Sect. 5.3.1) were also used as
initial conditions. As done before, we ran four chains of 1.1 × 106 each, excluding the first
1× 105 simulations from each chain, reaching a total of 4× 106 generated models.
Figure 5.6 presents the best occultation model resulted from the joint-MCMC, for the un-
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Figure 5.4: Distributions from the MCMC analysis of the unbinned light curve. The top
pannels illustrate the correlation between parameters and bottom pannels present the individual
parameter histograms. The dashed and dotted lines show the error estimation for one and two
sigma, respectively.
5.3. Data analysis and results 75
Figure 5.5: Best fitting model for the binned light curve, with ∆F = 0.185%, Fbl = 1.00018
and ∆φ = −0.0056 (solid line). The grey crosses show the individual measurements and the
black circles represent the data binned every 143 individual points (∼9.5 minutes per bin). The
dotted lines show the ingress and egress positions expected for circular orbit, and the dashed
lines present ingress and egress found in the analysis.
binned light curve, after removing the contribution of the systematics. From this analysis, we
obtained an eclipse depth of 0.186%+0.022%
−0.024% in flux, and a deviation in phase of −0.0069+0.0006−0.0010 .
Both results from the first MCMC, unbinned and binned light curves, are compatible
with each other within the error estimates. Also compatible are the results from the joint-
MCMC, showing the consistency of our estimations. Since all analyses yield to similar results
and owing to determine whether the more complex model (joint-MCMC) reproduces better
the data than the more simple one (first MCMC), we have compared the bayesian inference
criterion (BIC7) of both models. The results show that ∆BIC = BICjoint−MCMC−BICMCMC =
7BIC= χ2 + k · logN , where k is the number of parameters of the model, and N is the number of data
points used in the fit (Schwarz 1978; Liddle 2007).
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Figure 5.6: Best fit obtained in the joint-MCMC analysis. The dots show the unbinned data
points. The solid line represents the best occultation model obtained from the joint-MCMC
analysis, after removing the contribution of the systematics. The residuals are presented in the
lower panel.
19, suggesting a strong evidence for the more simple model against the joint-MCMC model.
Thus, we have decided to use the results from the more simple analysis (which resulted
in ∆F = 0.183%+0.021%
−0.025%, ∆φ = −0.0069+0.0008−0.0008, and Fbl = 1.00031+0.00011−0.00012) for the further
discussion.
5.4 Discussion
5.4.1 Derived orbital configuration
Lo´pez-Morales et al. (2010, and references therein) used the following relationship to derive
the eccentricity, e, and the argument of periastron, ω, of a planetary system based on the
observation of a phase offset, ∆φ,:
e cos ω = pi · ∆φ− 0.5
1 + csc2(i)
, (5.6)
where i the orbital inclination of the system8.
As presented in the previous section, we also find a phase offset for the Qatar-1b system
of ∆φ = −0.0069. This phase offset could suggest that the system in question has an
orbital eccentricity different from zero. The center of the secondary eclipse shifted from
8This expression was firstly used by Wallenquist (1950).
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Figure 5.7: Distinct orbital configurations for |e cosω| ≃ 0.0108. The horizontal dotted lines
show the eccentricity range found by Covino et al. (2013). The vertical dotted lines present the
corresponding values for ω. At ω = 180◦, e ≃ 0.0108 is represented by a horizontal dashed line.
phase φ = 0.5 (circular orbit) to phase φ = 0.4931, which combined with Qatar-1b’s orbital
inclination (shown in Table 5.2), results in e cosω ≃ −0.0108, from the equation above. This
value of e cosω can lead to several combinations of e and ω, consistent with a near-to-circular
orbit configuration.
Figure 5.7 presents possible e and ω combinations suitable for e cos ω ≃ −0.0108, where
the negative sign indicates a ω between 90 and 270 degrees. The minimum eccentricity found
here is illustrated by a horizontal dashed line at e ≃ 0.0108 and ω = 180◦.
Covino et al. (2013) determined, based on their high precision RV measurements, a small
eccentricity of e = 0.020+0.011
−0.010. This value is represented in Fig. 5.7 as horizontal dotted lines
(0.010 ≤ e ≤ 0.031) and it provides an upper limit to the eccentricity of the system. Their
estimated eccentricity is compatible with our e cos ω for values of ω between 110◦ . ω . 250◦.
This interval is also presented in Figure 5.7, as vertical dotted lines.
von Essen et al. (2013) suggested a few two-planet in resonance scenarios to explain their
observed TTVs for Qatar-1b. In their analysis they consider Qatar-1b to be in a circular
orbit and found three cases with different perturber masses and values of ω that match the
observed TTVs (see Sect. 5.1). The range of ω values we estimate in this work is in agreement
with two of the three scenarios: Qatar-1b with ω = 190◦ in 2:1 resonance with a perturber
with Mper ≃ 0.005MJ and Pper ≃ 2.84 days; and Qatar-1b with ω = 202◦ in 3:1 resonance
with a perturber with Mper ≃ 0.035 MJ and Pper ≃ 4.26 days. The scenario for Qatar-1b
with ω = 274◦ in 5:2 resonance with a perturber with Mper = 0.019 MJ and Pper = 3.55 days
cannot be explained by our results for ω. However, since these authors have fixed Qatar-1b
orbit to be circular in their analysis, we suggest new simulations considering a near-to-circular
orbit, with eccentricities ranging from 0.01 to 0.03.
It is worth to mention the very recent works on this TTVs scenario. Mislis et al. (2015)
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collected 12 new light curves and determined the physical properties of Qatar-1b system in a
good agreement with those presented by Covino et al. (2013). Combining their observations
with data from the literature, these authors did not find conclusive evidences of TTVs,
nevertheless, they stated that more precise data were necessary in order to investigate the
TTVs found by von Essen et al. (2013). Maciejewski et al. (2015) gathered their 16 new
transit events with data available in the literature in order to search for the reported TTVs.
They did not find any evidence of such variations.
5.4.2 Thermal emission of Qatar-1b
Figure 5.8: Model spectrum of thermal emission of Qatar-1b with a reradiation factor of
f = 2/3, without TiO/VO (solid line). The filled circle shows the measured planet-to-star flux
ratio, in the Ks-band (at 2.14 µm). The error bars are inside the filled circle. The Ks-band
transmission curve (gray line) is shown at the bottom of the panel at arbitrary scale.
From the secondary eclipse depth we can also derive the brightness temperature of Qatar-
1b in Ks-band, TKs. From the MCMC analysis in Sect. 5.3.2 we find an eclipse depth
∆F = 0.183%+0.021%
−0.025%, which is the planet-to-star flux ratio directly measured. Considering
the parameters in Table 5.2 and assuming that Qatar-1b and its central star emit as black-
bodies, we can estimate a Ks-band brightness temperature of TKs ≃ 1849+114−121 K.
The equilibrium temperature, Teq, expected for this system is given by the following
equation (Lo´pez-Morales & Seager, 2007):
Teq = Ts ·
(
Rs
a
)1/2
· [f · (1−AB)]1/4, (5.7)
where Ts and Rs are the stellar effective temperature and radius, a is the orbital semimajor
axis, f is the energy reradiation factor and AB is the planet’s Bond albedo. Assuming an
instant reradiation (f = 2/3) and a zero Bond albedo (AB = 0), from the previous equation
we would expect a maximum equilibrium temperature for this exoplanet of Teq ≃ 1768 K.
5.5. Conclusions 79
Then, the estimated Ks-band brightness temperature (TKs) of Qatar-1b is in accordance with
Teq, within the error estimates, for a zero albedo planet with an inefficient energy circulating
atmosphere.
Some studies suggest that an opacity source, as TiO and VO, in a high layer of a planet’s
atmosphere can lead to a hot stratosphere and hence to a temperature inversion layer. Ac-
cording to Fortney et al. (2006), atmospheric models with a temperature inversion would
show a weak emission in the near-infrared (JHK bands), and stronger emissions would be
present in models without such inversion layer, at the same wavelength bands.
Figure 5.8 shows the thermal emission of Qatar-1b. The atmospheric spectral model
by Fortney et al. (2006, 2008), represented by the solid line, was generated considering an
instant reradiation over the dayside (f = 2/3) and was calculated without TiO/VO, since
such models tend to have higher K-band fluxes. Although, it can not reproduce the measured
planet-to-star flux ratio (filled circle). The high observed TKs suggests an extremely inefficient
redistribution onto the night side, or missing physics in the atmosphere model, since the planet
is hotter than the hottest (f=2/3) model.
The observed emission may suggest that Qatar-1b does not have a temperature inversion,
if we assume the absence of TiO and VO in its atmosphere. Nevertheless, more observa-
tions would be needed, at different wavelengths, to allow a complete understanding of this
exoplanet’s atmosphere, and to confirm or exclude the presence of an inversion layer.
Stellar activity could help explaining its high observed brightness temperature. Kho-
dachenko et al. (2007) presented that coronal mass ejections can interact with upper plane-
tary atmospheres and may affect their temperature structure. In addition, constant UV flares
and X-ray radiations may heat the exoplanet’s atmosphere and enhance atmospheric escape
(Khodachenko et al. 2007, Lammer et al. 2007). Considering the proximity of Qatar-1b to
its host star (0.02343 AU), such interactions should not be neglected.
Mislis et al. (2015) searched for signs of activity in the available photometric database.
Since starspots are common on K-dwarfs, and may be responsible for a brightness modulation
at the stellar rotational period, they analyzed the survey photometry in Qatar-1b discovery
paper in order to look for signs of spot activity. Their results showed a sinusoidal variation
in the light curve interpreted to be due to the presence of spots. However, there was no
evidence of starspot via occultation during the observed transits.
Further analysis on the stellar activity should be performed, as well as its direct effect on
Qatar-1b atmosphere, aiming at understanding this close orbiting exoplanet.
5.5 Conclusions
We have observed the secondary eclipse of Qatar-1b in the Ks-band. The observations
were made in staring mode at the 3.5 m telescope at Calar Alto (Spain), equiped with
the OMEGA2000 instrument.
The obtained light curve was treated with the same procedure described in Cruz et al.
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(2015), where we firstly corrected the data from systematic effects using the Principal Compo-
nent Analysis technique to identify the correlated trends. The following step was to perform
a Markov Chain Monte Carlo analysis in order to fit for Qatar-1b secondary eclipse using the
Mandel & Agol (2002) transit model.
The best fitting model, given by the minimum χ2, resulted in an eclipse depth (∆F ) of
0.183%+0.021%
−0.025%, a light curve baseline level (Fbl) at 1.00031
+0.00011
−0.00012 , and a deviation in phase
from mid-eclipse (∆φ) of −0.0069+0.0008
−0.0008 , for a 1σ detection. These results led to a minimum
eccentricity for the system of approximately 0.01 (|e cos ω| ≃ 0.0108). The planet-to-star flux
ratio observed resulted in a brightness temperature in the Ks-band of TKs ≃ 1849+114−121 K,
which is in agreement with the maximum equilibrium temperature of Teq ≃ 1768 K.
Considering the eccentricity determined by Covino et al. (2013) of e = 0.020+0.011
−0.010, we
estimated a range of ω values of 110◦ . ω . 250◦ for Qatar-1b. This is in agreement with
two scenarios suggested by von Essen et al. (2013) to explain their observed TTVs. They
are: Qatar-1b with ω = 190◦ in 2:1 resonance with a perturber with Mper ≃ 0.005 MJ
and Pper ≃ 2.84 days; and Qatar-1b with ω = 202◦ in 3:1 resonance with a perturber with
Mper ≃ 0.035 MJ and Pper ≃ 4.26 days. New simulations considering an eccentricity between
0.01 and 0.03 for Qatar-1b are suggested.
Nevertheless, this multiple planet system scenario is still controversial, since the very
recent works from Mislis et al. (2015) and Maciejewski et al. (2015) reported that no evidence
of such TTVs were found.
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Chapter 6
Final discussion: our results in
context
“The most exciting phrase to hear in science,
the one that heralds new discoveries,
is not ‘Eureka!’ (I found it!) but ‘That’s funny...’ ”
Isaac Asimov
We have studied the stellar properties of two planet-host stars discovered by the WFCAM
Transit Survey, WTS-1 and WTS-2. We also have presented the detection of secondary
eclipses of two previously known exoplanets, WASP-10b and Qatar-1b. Here we show our
results in context with the transiting exoplanets scenario and our final conclusions.
6.1 Transiting exoplanets scenario
Before the launch of the Kepler and CoRoT satellites, the majority of exoplanets were discov-
ered using the RV technique, and only a small amount of planets were known to transit their
parent star. Nowadays, over 1200 transiting exoplanets have been detected. And there is a
much larger list of potential exoplanets. However, since there is a huge diversity of systems
considering the properties of the exoplanets per se, their orbital characteristics and the host
stars (orbital period, eccentricity, luminosity class, spectral type, etc.), a full characterization
is needed more than ever in order to understand planetary system formation and evolution.
The TEPcat1 is an online catalog of the physical properties of transiting planetary systems
(Southworth 2011), presenting a careful compilation of literature results. Table 6.1 shows the
number of known transiting exoplanets discovered by different consortia, as presented by the
1Available at http://www.astro.keele.ac.uk/jkt/tepcat/tepcat.html
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Figure 6.1: Top panel: Mass–Radius diagram of known transiting exoplanets. Red circles
represent objects from the WTS and blue circles show those from the CASE study. The small
circles are colored accordingly to the exoplanets separation (a) to their host stars. The dashed
curves illustrate the planetary densities of 0.1, 0.3, 0.5, 1.0, 2.0, 4.0 in units of Jupiter density.
Bottom panel: Mass–Radius diagram presented in different scales, zoomed in around the position
of our objects of study. Note the change in the logaritmic scale for the x-axis in the upper panel.
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Table 6.1: Total number of known transiting planetary systems from the TEPcat. See the text
for the definitions of well-studied and little-studied objects. (Credits: TEPcat.)
Discovery source Well-studied Little-studied
Kepler 204 777
SuperWASP 99
HATnet 47
CoRoT 26
OGLE 8
HAT-South 8
XO 5
TrES 5
KELT 4
WTS 2
Qatar 2
MEarth 1
Other 16
catalog2 . These exoplanets are separated in two categories: well-studied and little-studied.
According to the definition given in the catalog, the well-studied planets are those which have
been studied individually in detail, and the little-studied planets are those which have been
analyzed together in a dataset, including only Kepler planets detected via the transit-timing
variation method3 and without multiple radial-velocity measurements (ie., without mass and
density estimations). The well-studied systems include a total of 427 exoplanets while the
little-studied systems sum 777 objects4. In this chapter, we will compare our results with the
set of well-studied planets in order to derive some general interpretations.
Figure 6.1 illustrates the position of the four objects studied in this thesis (WTS-1b,
WTS-2b, WASP-10b and Qatar-1b) in the mass–radius diagram of transiting exoplanets.
The objects from the WFCAM Transit Survey are represented by red circles, and those
from the CASE study by blue circles. The parameters of the other planets (small colored
circles) were taken from the above mentioned catalog. Those objects with only an upper
limit on the mass and/or without an estimation of mass, radius, or semimajor axis were not
considered. An analog diagram of stellar masses and radii is shown in Figure 6.2, by using
the same sample. In the top panel, the colored circles represent different temperature ranges
for the stellar Teff , where we assigned stars with 3700 < Teff < 5200 K as K-dwarfs, stars
with 5200 < Teff < 6000 K as G-dwarfs, and those with Teff > 6000 K as F-dwarfs. These
definitions are only illustrative.
In the bottom panel of Fig. 6.2, the same stellar mass–radius diagram is presented with
a distinct color code. Here we show the distribution of different planetary radius in three
2This table was taken directly from the TEPcat, and it is available at
http://www.astro.keele.ac.uk/jkt/tepcat/html-tepnumber.html.
3The Transit-Timing Variation (TTV) method consists in finding additional bodies in the system by mea-
suring the time of several transit events. The presence of another planet can perturb the orbit of the already
known planet and affect the time predicted for its transit to occur.
4This information was gathered from TEPcat’s webpage on 2015 Mar 6.
84 Chapter 6. Final discussion: our results in context
Figure 6.2: Top panel: Mass–Radius diagram of host stars with transiting planets. Red circles
represent objects from the WTS and blue circles show those from the CASE study. The colored
circles show different effective temperature ranges for the host stars. Bottom panel: The same
diagram showing a different color code for planetary radius, in units of Earth radius (RE).
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radii ranges. The great majority of host stars harbors Jupiter-like planets, with Rp > 3.9 RE.
According to Buchhave et al. (2014), planets with radius greater than 3.9 RE (∼0.35 RJ)
are considered as ice and gas giant planets. Those planets with radius smaller than 1.7 RE
(∼0.15 RJ) are supposed to be rocky terrestrial planets. These authors also define a third
class of planets, with radius between 1.7 and 3.9 RE , called gas dwarfs.
Gaseous planets (Rp > 3.9 RE) would be formed at around ∼3 AU, where they grow
rapidly and accumulate a gaseous atmosphere, and then migrate to inner orbits due to planet-
disk interactions, for instance (Lin et al. 1996; Ida & Lin 2004). The rocky planets (Rp < 1.7
RE) may be formed in greater timescales, after the gas in the protoplanetary disk is dissipated,
then they are not able to accumulate a gaseous atmosphere (Hansen & Murray 2012). The
gas dwarfs (1.7 < Rp < 3.9 RE) are expected to have rocky cores. They are formed more
rapid than smaller planets allowing the formation of gaseous hydrogenhelium atmosphere
before the gas dissipation, according to Buchhave et al. (2014).
There is a small group of transiting exoplanets in an extremely close orbit around their
parent star, with a ≤ 0.02 AU (hereafter sub-0.02 AU), represented by magenta circles in Fig.
6.1 (top panel). The WTS-2b is a member of this sub-0.02 AU group. The great majority
of objects from the analyzed sample of transiting exoplanets is also very close to the stars,
with semimajor axes of 0.02 < a ≤ 0.10 AU (gray circles). As a comparison to the scales in
the Solar System, the distance of these objects to their host stars are of less than one fourth
of Mercury’s distance to the Sun (a ≃ 0.387 AU).
The exoplanets with orbits ranging from 0.10 AU to 0.50 AU (Fig. 6.1, orange circles)
present an interesting fact. Approximately half of the planetary systems from this group has
at least one other planet in an inner orbit. The number of systems with multiple transiting
planets increased with Kepler, however, these tightly packed planetary systems (with a < 0.50
AU) brought significant challenges to current planet formation theories (Ford 2014).
The last group (Fig. 6.1, green circles) is composed by a few objects with orbits greater
than half of the orbit of the Earth (a > 0.50 AU). The great majority of the objects with
a > 0.10 AU and all the objects with a > 0.50 AU were discovered with Kepler. This satellite
was developed to continuously monitor the same field of view for a long period of time, which
resulted in discoveries of smaller and/or distant planets not achieved from ground-based
surveys via transit method. For instance, the latest group has orbital periods ranging from
126 to 290 days, approximately.
Still considering the same sample, Figure 6.3 shows the orbital semimajor axis (a) in
function of the planetary density (ρ). The small circles are colored accordingly to the incident
radiation (Finc), where the magenta circles represent incident radiation level of less than
1× 108 erg s−1cm−2, the gray circles present levels between 1× 108 and 1× 109 erg s−1cm−2,
and the orange circles are those with radiation greater than 1×109 erg s−1cm−2. As expected,
the farther the planet is from its host star, the lower is the level of incident radiation that
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Figure 6.3: Orbital semimajor axis (in AU) versus planetary density (in ρJ) of known transiting
planets. Red circles are objects from the WTS and blue circles are objects from the CASE study.
The small circles are colored accordingly to the incident radiation (Finc).
planet is receiving, since:
Finc =
4piR2s · σT 4eff
4pia2
=
(
Rs
a
)2
· σT 4eff , (6.1)
where σ is the Stefan-Boltzmann constant.
Some studies have suggested that highly irradiated exoplanets (Finc > 10
9 erg s−1cm−2)
would present a thermal inversion layer in their atmospheres (Fortney et al. 2008; Burrows
et al. 2008). Molecules such as TiO and VO in these exoplanet atmospheres would strongly
absorb the incident stellar flux, which would lead them to have hot stratospheres (Fortney et
al. 2008). The relationship between the incident radiation and the presence or absence of a
thermal inversion is not conclusive and will be discussed later on this chapter.
6.2 The WFCAM Transit Survey: WTS-1 and WTS-2
6.2.1 Comparison of general properties
WTS-1b (Cappetta et al. 2012) was the first exoplanet discovered from the WFCAM Transit
Survey. It is a planet with density of 1.21±0.42 ρJ (Mp = 4.01±0.35 MJ and Rp = 1.49+0.16−0.18
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Figure 6.4: Planetary radii as a function of time for masses of 0.1MJ (panel A), 0.3MJ (panel
B), 1.0MJ (panel C), and 3.0MJ (panel D). The five curve colors code for the five different
orbital separations from the Sun are shown in panel C. Solid lines indicate models without cores
and dash dotted lines indicate models with a core of 25 MEarth (Fortney et al. 2007, fig. 5).
RJ), and it is located on the right in the mass–radius diagram of transiting exoplanets shown
in Figure 6.1. It is one of the few transiting exoplanets with mass Mp ≥ 4 MJ .
The star WTS-1 is a late F-dwarf and its characterization was presented in Chapter 3.
In the stellar mass–radius diagram, and still considering only stars with transiting planets,
WTS-1 appears at the lower limit of the distribution, as shown in Fig. 6.2. As presented
in Section 3.2.2, we estimated the age of this system to range between 200Myr and 4.5Gyr,
obtained from evolutionary tracks and isochrones models. Nevertheless, an age of 600 Myr
was considered as the lower limit on the age of the WTS-1 system based on the measured
lithium abundance (Cappetta et al. 2012).
Fortney et al. (2007) presented models that estimate the planetary radius according to
the age of the system for a given planetary mass, which is illustrated in Figure 6.4. These
models take into consideration the distance of the planet from the central star and the stellar
irradiation. They show the contraction of planets as a function of age at different distances.
For a planetary mass of 3 MJ at a distance of 0.045 AU, these models predict a radius of 1.2
RJ or smaller for a system with of 600 Myr or older. WTS-1b has a radius of 1.49 RJ , which
is greater than the expected value of ∼1.2 RJ (Cappetta et al. 2012).
WTS-1b is not the first inflated exoplanet in a close-in orbit. CoRoT-2b (Alonso et al.
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2008) is another case of a massive planet with a radius which is difficult to explain (Mp = 3.57
MJ , Rp = 1.46 RJ ; Southworth 2012). From the models of planetary radius against age by
Fortney et al. (2007), consideringMp = 3MJ at a distance of 0.02 AU (Fig. 6.4, panel D), the
expected planetary radius is ∼1.2 RJ for a system with age of 1.2 Gyr (Southworth 2012).
Bouchy et al. (2008) found signs of youth in its host star, CoRoT-2, like the presence of the
Li I absorption doublet at 6708 A˚, and the strong emission line core in the CaII H and K
lines, suggesting the system could be younger than 0.5 Gyr. Using several age indicators, and
combining their results from spectroscopic analysis with other estimates from the literature,
Schro¨ter et al. (2011) presented an age range between 100 and 300 Myr for the CoRoT-2
system. Nevertheless, this system should be younger than 20-30 Myr in order to explain the
observed planetary radius.
Schro¨ter et al. (2011), based on their X-ray observations, showed that the planet CoRoT-
2b lies in an intense field of high-energy radiation, and that the measured amount of ionizing
radiation could have an influence on the structure and evolution of the planetary atmosphere,
leading to evaporation of planetary material by an interaction with the stellar wind (see
Schro¨ter et al. 2011, and references therein). They also suggested the presence of a third
body in the system, a K-type stellar companion, that would have a role on the dynamics of
the system and on the observed inflated radius of this exoplanet.
The same analysis can be made for WTS-2b (Birkby et al. 2014). With a radius of
1.363 ± 0.061 RJ and a mass of 1.12 ± 0.16 MJ (ρp = 0.413 ± 0.080 ρJ), this exoplanet
appears on the left in the mass–radius diagram (Fig. 6.1, bottom panel). Its host star, WTS-
2 – a K2V star with mass and radius of Ms = 0.820 ± 0.082 M⊙ and Rs = 0.761 ± 0.033R⊙
respectively – lies at the bottom left in the stellar mass–radius diagram (Fig. 6.2). As shown
in Sect. 3.3.2, the age estimation for this system was shown to be between 600Myr and
13.5Gyr.
In panel C of Fig. 6.4, the models from Fortney et al. (2007) predict a planetary radius of
1.3 RJ or smaller for a planet with a mass of 1 MJ , at a distance of 0.020 AU, considerering
a system with age of 600 Myr or older. Such prediction is in agreement with the parameters
found for the WTS-2b system (see Table 3.4 for the properties of WTS exoplanets and their
orbital parameters).
It is worth noting the proximity of WTS-2b to its central star. Its orbital separation of
just a = 0.01855 AU, placing the planet in the small but growing sample of extreme giant
planets in sub-0.02 AU orbits (Fig. 6.5), implies that this exoplanet receives a high level
of incident radiation (Finc ∼ 1.26 × 109 erg s−1cm−2). WASP-19b (Hebb et al. 2010) is
another close-in exoplanet in a sub-0.02 AU orbit (a = 0.01634 AU). This object is similar
to WTS-2b also for its size, with a radius of 1.410 RJ and a mass of 1.139 MJ (ρp = 0.380
ρJ ; Mancini et al. 2013). WASP-19b is highly irradiated (Finc ∼ 4.2× 109 erg s−1cm−2) and,
hence, it has a high equilibrium temperature. For instance, Zhou et al. (2014) have measured
a brightness temperature of TKs = 2310 K in the near-infrared Ks-band (secondary eclipse
depth of 0.287%).
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Figure 6.5: Planetary radius as a function of orbital semimajor axis of transiting giant planets.
The objects from the WTS and the CASE study are marked as red and blue circles, respectively.
A few other systems of note are labelled. The small circles are colored accordingly to the incident
radiation (Finc).
6.2.2 Secondary eclipses
Aiming at making a connection of the WTS with the CASE study, we turn this discussion
towards the secondary eclipse detection. The noise in the WTS-1b photometric data did not
allow such detection. Nevertheless, WTS-2b secondary eclipse limits could be placed from
the J-band light curve.
Following the prescription of Lo´pez-Morales & Seager (2007)5 and assuming that the
atmosphere has a zero-albedo (AB = 0) and instantaneously re-radiates the incident stellar
flux (i.e., f = 2/3), the expected equilibrium temperature of the planet WTS-2b is Teq ∼2000
K. Although this is not as high as the hottest hot Jupiters (e.g. KOI-13b has Teq ∼2900 K;
Mislis & Hodgkin 2012), WTS-2b is one of the hottest planets orbiting a K-dwarf.
As presented in the WTS-2b discovery paper (Birkby et al. 2014), a basic linear regression
fit was performed to the J-band light curve with a model from the Mandel & Agol (2002)
routines to attempt to detect the secondary eclipse. The best-fitting model corresponds to a
flux ratio of Fp/Fs = 0.93× 10−3 ± 0.69× 10−3. The large uncertainty means that the WTS
survey light curve is not capable of detecting the secondary eclipse, hence it is not possible to
5As seen previously in chapters 4 and 5, the equilibrium temperature of an exoplanet is given by Teq =
Ts(Rs/a)
1/2[f(1− AB)]
1/4, where Ts and Rs are the stellar effective temperature and radius, a is the orbital
semimajor axis, f is the reradiation factor, and AB is the planet’s Bond albedo.
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constrain the properties of the planets day-side from the WTS data. Nevertheless, WTS-2b
is a good candidate for further secondary eclipse studies in the near-infrared.
In summary, the WFCAM Transit Survey was designed to find exoplanets around M stars
via the transit method, with photometric observations in the J-band, resulting in the detec-
tion of tens of planetary-like transits. The confirmed exoplanets from this survey, WTS-1b
and WTS-2b, orbit earlier type stars (F and K, respectively). The separation of these hot
Jupiters from their host stars is smaller than 0.05 AU, placing them in the region of the
highly irradiated exoplanets with Finc > 10
9 erg s−1cm−2 (Fig. 6.3). Accordingly to Fortney
et al. (2008), planets with such high irradiation levels would have a hot stratosphere, due
to absorption of incident flux by molecules like for example TiO and VO, leading to a tem-
perature inversion in their atmospheres. Secondary eclipse observations of both exoplanets
would help the characterization of WTS-1b’s inflated atmosphere and the properties of the
hot atmosphere of WTS-2b, this close-in exoplanet in a sub-0.02 AU orbit.
6.3 The CASE study: WASP-10b and Qatar-1b
6.3.1 Secondary eclipses in the Ks-band
As mentioned in Chapter 2, the first secondary eclipse (SE) was observed with Spitzer by
Charbonneau et al. (2005), and from the ground by de Mooij & Snellen (2009). Ever since,
the number such detections has grown and this technique became an essential way of studing
the atmosphere of known exoplanets. Presently, secondary eclipses have been detected for
more than 50 exoplanets. Among them, almost 40 objects were observed in the mid-infrared
with Spitzer and only a third of the total number was detected in the Ks-band6.
The Exoplanet Data Explorer7 is an interactive table that displays data from the Exo-
planet Orbit Database (EOD). The EOD is a carefully constructed database of spectroscopic
orbital parameters of exoplanets from the literature (Han et al. 2014), with accurate orbital
ephemerides for known planets. This catalog offers, among other information, a list of known
transiting exoplanets with observed secondary eclipses at different wavelenghts. Those exo-
planets with observations in the Ks-band are gathered in Table 6.2. In Fig. 6.6, the measured
depth of the secondary eclipse in the Ks-band in function of the 2MASS K-band magnitude
of the central star is shown, based on the data available at this catalog. The colored circles
represent different temperature ranges for stellar Teff . Here we assigned stars with Teff be-
tween 3700 and 5200 K as K-dwarfs, Teff between 5200 and 6000 K as G-dwarfs, and Teff
greater than 6000 K as F-dwarfs. Again, this definitions are only illustrative.
In this thesis, we presented the observation of a secondary eclipse of WASP-10b, as the
first result of the CASE study (Chapt. 4). Hence, the detection of its thermal emission in
the Ks-band was also shown.
6Only 18 secondary eclipses in the Ks-band were published to date, including the two new detections
presented in this thesis.
7Available at http://www.exoplanets.org/
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Figure 6.6: Stellar 2MASS K-band magnitude versus observed Ks-band secondary eclipse
depth of known transiting exoplanets (colored circles). The blue circles show the objects from
the CASE study. Other objects of interest are labelled.
Figure 6.7: Planetary radius in function of incident radiation of known transiting exoplanets
with Ks-band secondary eclipse detection (colored circles). WASP-10b and Qatar-1b are shown
as blue circles. A few other systems of note are labelled.
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Table 6.2: Known exoplanets with observed secondary eclipses (SE) in the Ks-band.
Object SE depth (%) TKs (K) Reference
CoRoT-1b 0.336± 0.042 2460+80
−160 Rogers et al. (2009)
CoRoT-2b 0.16± 0.09 1890+260
−350 Alonso et al. (2010)
HAT-P-1b 0.109± 0.025 2136+150
−170 de Mooij et al. (2011a)
HAT-P-23b 0.234± 0.046 2154± 90 O’Rourke et al. (2014)
Kepler-13b 0.122± 0.051 2750± 160 Shporer et al. (2014)
OGLE-TR-113b 0.17± 0.05 1943± 156 Snellen & Covino (2007); de Mooij (2011b)
Qatar-1b 0.183+0.021
−0.025 1849
+114
−121 This thesis
TrES-2b 0.062+0.013
−0.011 1636
+79
−88 Croll et al. (2010a)
TrES-3b 0.133+0.018
−0.016 1731
+56
−60 Croll et al. (2010b)
WASP-3b 0.181± 0.020 ∼ 2435 Zhao et al. (2012)
WASP-4b 0.185+0.014
−0.013 1995± 40 Ca´ceres et al. (2011)
WASP-10b 0.137+0.013
−0.019 1647
+97
−131 This thesis
WASP-12b 0.309+0.013
−0.012 2988
+45
−46 Croll et al. (2011)
WASP-19b 0.287± 0.020 2310± 60 Zhou et al. (2014)
WASP-33b 0.244+0.027
−0.020 3270
+115
−160 de Mooij et al. (2013)
WASP-43b 0.194± 0.029 1718+108
−107 Wang et al. (2013)
WASP-46b 0.253+0.063
−0.060 2306
+177
−187 Chen et al. (2014)
WASP-48b 0.109± 0.027 2158± 100 O’Rourke et al. (2014)
WASP-10b orbits a K5 star with Teff = 4735 K (Christian et al. 2009) at a distance of
0.0378 AU (Barros et al. 2013), and the planet-star radii ratio is of ∼0.157 (Rp = 1.039 RJ ,
Rs = 0.678 R⊙; Barros et al. 2013). There is a similar system where the central star is also
a late K-dwarf with Teff = 4520 K: the WASP-43b system (Hellier et al. 2011; Gillon et al.
2012). With almost the same planetary and stellar radii (Rp = 1.036 RJ and Rs = 0.667 R⊙;
Rp/Rs ∼0.158), the main difference between them is the distance to the host star. WASP-43b
is ∼2.5 times closer to its star than WASP-10b, at a distance of only 0.01526 AU – another
highly irradiated planet in a sub-0.02 AU orbit.
Figure 6.7 illustrates the distribution of planetary radius versus incident radiation for the
few transiting exoplanets that have their secondary eclipse observed in the Ks-band. The
incident radiation was calculated from Eq. 6.1. It is possible to note that in the lower left
part of this plot, the exoplanets orbiting K-dwarfs are placed, and in the upper right part
are those orbiting F-dwarfs. WASP-10b is represented by a blue filled circle at the bottom of
the plot, being the exoplanet with the smallest amount of incident radiation (Finc ∼ 2× 108
erg s−1cm−2). This is the fifth of the radiation received by WASP-43b (Finc ∼ 9.7× 108 erg
s−1cm−2).
The detection of the secondary eclipse of WASP-43b in the Ks-band by Wang et al. (2013)
showed a depth of 0.194%, resulting in a brightness temperature of TKs ≃ 1718 K. This value
is higher than the expected equilibrium temperature of Teq = 1434 K assuming isotropic
reradiation and a zero Bond albedo (AB = 0; f = 1/4). Chen et al. (2014) also found
a similar depth in the Ks-band of 0.197%. The analysis done by Chen and collaborators
resulted in a brightness temperature of TKs ≃ 1878 K. When compared with the maximum
allowed equilibrium temperature of Teq = 1839 K (AB = 0; f = 2/3), this result suggests
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that the dayside atmosphere of this exoplanet is very inefficient at heat redistribution.
We have observed a secondary eclipse depth of 0.137% for WASP-10b, which resulted
in a derived Ks-band brightness temperature of TKs ≃ 1647 K. Even considering an instant
reradiation and a zero Bond albedo (f = 2/3; AB = 0), the maximum expected equilibrium
temperature for this planet is of Teq = 1224 K. A few scenarios were considered for this high
dayside thermal emission (see Sect. 4.4.2), however, they were not conclusive. New observa-
tions are required, at different wavelengths, in order to better understand the atmosphere of
WASP-10b.
Now we turn to Qatar-1b. The observation of the secondary eclipse of this exoplanet was
presented in Chapt. 5, as the second result of the CASE study, along with the respective
analysis of its thermal emission in the Ks-band.
Qatar-1b has as central star a K dwarf with Teff = 4910 K, at a distance of 0.02343 AU,
and a planet-star radii ratio of Rp/Rs ∼0.151 (Covino et al. 2013). TrES-2b (O’Donovan et
al. 2006) seems to be in a different system, with Rp/Rs ∼0.126, where the G0V host star
is much hotter, with Teff = 5850 K, and it is at a distance of 0.03567 AU (Southworth
2011). Despite this, in Fig. 6.7, Qatar-1b is placed at the lower part of the distribution of
planetary radius versus incident radiation, and we find TrES-2b close to it. Both exoplanets
have similar planetary radius of Rp = 1.18 RJ (Covino et al. 2013) and Rp = 1.193 RJ
(Southworth 2011), respectively. The amount of incident flux on the atmosphere of Qatar-
1b is Finc ∼ 0.83 × 109 erg s−1cm−2, which is approximately 80% of the radiation received
by TrES-2b (Finc ∼ 1.05 × 109 erg s−1cm−2).
Croll et al. (2010a) detected the secondary eclipse of TrES-2b in the Ks-band and found
a depth of 0.062%, corresponding to a brightness temperature of TKs ≃ 1636 K. Assuming a
zero Bond albedo and an isotropic reradiation (AB = 0; f = 1/4), these authors estimated an
equilibrium temperature of Teq = 1472 K. Higher equilibium temperatures are estimated if we
consider a redistribution and reradiation over the dayside (f = 1/2) or an instant reradiation
(f = 2/3) for TrES-2b (∼1744 K and ∼1874 K, respectively). However, by combining
their detection with available secondary eclipse from the Spitzer/IRAC (O’Donovan et al.
2010), Croll and collaborators have concluded that a blackbody model (with f = 0.346 and
Teq ∼1622 K) is able to explain the data, suggesting TrES-2b experiences a modest heat
redistribution from the day to the nightside.
Our analysis of Qatar-1b secondary eclipse in the Ks-band resulted in a depth of 0.183%,
leading to a brightness temperature of TKs ≃ 1849 K (Sect. 5.4.2). If we consider the
maximum equilibrium temperature possible for this exoplanet of Teq = 1768 K (f = 2/3;
AB = 0), our derived temperature suggests that its atmosphere is also inefficient in heat
redistribution. Thermal emission measurements at other wavelengths, at the mid-infrared
for instance, are needed as an attempt to explain such high derived brightness temperature
and study how heat is redistributed over this exoplanet atmosphere.
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Figure 6.8: Incident radiation as function of the observed Ks-band brightness temperature from
the literature. WASP-10b and Qatar-1b are presented in blue. The equilibrium temperature
derived from the incident radiation is also shown for f = 1/4 (dotted line), f = 1/2 (dashed
line), and f = 2/3 (solid line).
6.3.2 Presence or absence of thermal inversions
Fortney et al. (2008) and Burrows et al. (2008) proposed that irradiated exoplanets should
be divided into those with and without hot stratospheres, hence, with or without a temper-
ature inversion layer. The highly irradiated exoplanets would present an inversion layer in
their atmospheres. At low irradiation levels, the exoplanetary atmospheres would not show
temperature inversions. As mentioned earlier in Chapter 2, there are exoplanets that do
not follow such trend. XO-1b presents evidences of a temperature inversion despite its low
irradiation (Machalek et al. 2008), and TrES-3b does not show thermal inversion despite its
high irradiation (Fressin et al. 2010).
For a more general scenario, Figure 6.8 illustrates the incident radiation as function of
the observed Ks-band brightness temperature. The CASE study objects are labeled in blue.
The equilibrium temperature, for a zero Bond albedo, given by
Teq = Teff ·
(
Rs
a
)1/2
· f1/4 =
(
f · Finc
σ
)1/4
, (6.2)
is also shown for an isotropic reradiation with f = 1/4 (dotted line), a reradiation only
over the dayside with f = 1/2 (dashed line), and an inefficient heat redistribution with
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f = 2/3 (solid line). The data points are colored accordingly to their temperature profiles,
showing planets with thermal inversion (magenta circles), with a weak thermal inversion
(green circles), and without thermal inversion (orange circles). Those exoplanets that did not
have their temperature profiles analyzed or that the respective analyses were not conclusive
are shown in gray. There is no visible trend of the presence or absence of a thermal inversion
layer with the incident radiation level.
Knutson et al. (2010) investigated the correlation between the stellar activity and the
presence or absence of a thermal inversion layer in the atmosphere of hot Jupiters. They
estimated the log(R′HK) activity index from the CaII H and K spectral lines (at 3968 and 3933
A˚, respectively) for 50 transiting planet host stars. Among them, 16 objects were selected by
their available secondary eclipse observations in the 3.6 and 4.5 µm IRAC bandpasses (from
Spitzer). They found that those exoplanets without a thermal inversion layer orbit the most
active stars (log(R′HK) > −4.9), and those with an inversion layer are associated with quiet
stars (log(R′HK) < −4.9). Only CoRoT-2b seems not to follow this relation, however, this
exoplanet’s atmophere can not be well-characterized by models with nor without inversion.
In order to explain the observed correlation, these authors suggested that the higher UV
flux emitted by active stars would influence the photochemistry in hot Jupiter atmospheres
and destroy the absorber responsible for the inversion layer.
From the list of transiting planet host stars with measured log(R′HK) from Knutson et al.
(2010), we have identified nine objects from our list of exoplanets with observed secondary
eclipse in the Ks-band. In order to discuss this correlation of stellar activity with the tem-
perature profile (with or without inversion), we investigated the relationship of log(R′HK)
with the estimated brightness temperature. Figure 6.9 shows the mentioned activity index
as function of TKs. From this sample, the exoplanets presenting a thermal inversion layer
(magenta circles) are placed in the left part of the plot, in the region of the less active or
quiet stars (log(R′HK) < −4.9). Those without such inversion (orange circles) are placed on
the right, in the region of the active stars (log(R′HK) > −4.9). WASP-3b and CoRoT-2b are
also placed in the region of active stars, nevertheless, WASP-3b needs more observations in
order to characterize its atmosphere, and CoRoT-2b’s atmosphere can not be explained from
models without inversion.
As an attempt to quantify the apparent correlation in Figure 6.9, we performed a linear
fit resulting in the following empirical relation:
TKs = (−3560 ± 318) + (−1168 ± 65) · log(R′HK), (6.3)
with TKs given in K.
The Ks-band brightness temperatures estimated from the CASE study are TKs ≃ 1647
K and TKs ≃ 1849 K for WASP-10b and Qatar-1b, respectively. Based on the empirical
relationship above, we can predict values of log(R′HK) of −4.4 for WASP-10 and of −4.6 for
Qatar-1 approximately, placing both systems in the region of active stars and exoplanets
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Figure 6.9: The log(R′HK) activity index from Knutson et al. (2010) as function of the Ks-band
brightness temperature from the literature. The vertical dotted line delineates the separation
between active (log(R′HK) > −4.9) and quiet stars (log(R
′
HK) < −4.9). The dashed line shows
an empirical correlation between both quantities with dTKs/d log(R
′
HK) ≃ −1168± 65 K.
without thermal inversion layer. It is worth to emphasize that these values are only specu-
lative estimates and should not be considered as activity indicators. Nevertheless, signs of
activity were already found by Smith et al. (2009), Maciejewski et al. (2011b), and Barros
et al. (2013) in WASP-10, and Mislis et al. (2015) found evidences of activity in Qatar-1, as
presented in Sections 4.4.2 and 5.4.2, respectively. Further analysis of the stellar spectra are
necessary in order to measure the mentioned activity indices for both system and confirm or
not the predicted values of log(R′HK).
This empirical relationship between log(R′HK) and TKs was based on nine data points
only. For a more precise analysis, we need to increase the sample by measuring the activity
indices of the exoplanets that have the Ks-band brightness tempertature already estimated,
and to observed new secondary eclipses of known close-in hot Jupiters in the Ks-band.
In summary, the CASE study objects have increased the number of known hot Jupiters
with detected secondary eclipses and estimated Ks-band brightness temperature. Such studies
were performed in order to understand better the properties of the atmospheres of such
close-orbiting worlds. The low irradiated exoplanets WASP-10b and Qatar-1b (Finc < 10
9
erg s−1cm−2) do not seem to have a thermal inversion layer in their atmospheres, however,
we did not find any relation between the absense of a thermal inversion with low irradiation
levels. The correlation between stellar activity and the absence of an inversion layer proposed
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by Knutson et al. (2010) was observed in the analyzed small sample of known exoplanets
with estimated Ks-band brightness temperature, nevertheless, futher analysis are necessary
in order to validate or not such correlation.
The stellar activity may cause other effects on the planetary atmospheres. As mentioned
earlier in Section 4.4.2, UV flares and X-ray radiations may heat the upper atmosphere,
leading to atmospheric escape and planetary mass loss (Khodachenko et al. 2007; Lammer
et al. 2007). HD 209458b was the first exoplanet detected with an escaping atmosphere,
with a mass-loss rate of ∼1010 g s−1 (Vidal-Madjar et al. 2003). Lecavelier Des Etangs et
al. (2010) have found a similar rate in HD 189733b. These and other studies showed that
coronal radiation plays an important role in close-orbiting exoplanets atmospheres around
active stars.
On the one hand, the strength of the stellar UV and X-ray radiation depends on stellar
activity, which decays with time (along the main-sequence, MS) as the stellar rotation de-
creases. In other words, young and fast-rotating stars have higher luminosity in this radiation
regime than old stars with smaller rotation periods (Linsky 2014, and references therein).
Such decay would accurr in different rates according to the stellar spectral type, shown for
intance by Page & Pasquini (2004); Ribas et al. (2005) for solar-type stars, and by Engle
& Guinan (2011) for M dwarfs. These high energy emissions may have an impact on the
early evolution of planetary atmospheres (Ribas et al. 2010). On the other hand, results from
evolutionary solar models showed that the Sun was cooler and smaller in the past, with a
bolometric luminosity of about 30% less than its current value. Stars suffer an increase in
their luminosity (and radius) along the MS phase, changing the amout of radiation received
by the planet and increasing its temperature (Lammer 2013). In a more general view, planets
may suffer changes in temperature through time, and the evolution of planetary atmospheres
depends on the evolution of the parent star.
This subject is beyond the concerns of this dissertation, and will not be discussed in
detail here. Nevertheless, understanding how stellar activity interferes in the structure of
close-orbiting planetary atmospheres may help to unveil exoplanetary environments in their
early evolution stages.
Chapter 7
Conclusions
“Truth in science can be defined as the working hypothesis
best suited to open the way to the next better one.”
Konrad Lorenz
This dissertation was devoted to the characterization of the planet-host stars WTS-1 and
WTS-2, and to the detection of thermal emission through secondary eclipse observations of
the known exoplanets WASP-10b and Qatar-1b. We then summarize the obtained results.
The WTS: the WFCAM Transit Survey
The WFCAM Transit Survey consortium was focused to search for exoplanets around cool
stars. Despite its optimization for M-dwarfs, this survey have detected transits of hot Jupiters
around a late-F (WTS-1) and an early-K (WTS-2) stars. The characterization of both stars
was presented in Chapter 3, where we derived the stellar physical properties through spectral
energy distribution fitting and spectroscopic analysis.
The star WTS-1 is a late F-dwarf with a mass of 1.2 ± 0.1 M⊙ and a radius of 1.15+0.10−0.12
R⊙. The analysis resulted in an effective temperature and a surface gravity of 6250 ± 200
K and 4.4 ± 0.1, respectively, and a metallicity ranging from −0.5 to 0.0 dex. The age of
the system was estimated to be between 600Myr and 4.5Gyr. The exoplanet WTS-1b is
an inflated massive planet, with radius Rp = 1.49
+0.16
−0.18 RJ and mass Mp = 4.01 ± 0.35 MJ .
Comparison to models of planetary radius as function of age showed that this planet has a
radius greater than the value expected for a planet with its age and mass, at a distance of
0.047 AU.
The star WTS-2 is an early K-dwarf with a derived stellar mass and radius of M⋆ =
0.820 ± 0.082 M⊙ and R⋆ = 0.761 ± 0.033 R⊙, respectively. The analysis have revealed an
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effective temperature of 5000 ± 250 K, a surface gravity of 4.5 ± 0.5, and a metallicity of
[Fe/H] of +0.2+0.3
−0.2 dex. This star has an age estimated to be between 600Myr and 13.5Gyr.
The exoplanet WTS-2b, with a mass of 1.12 ± 0.16 MJ and a radius of 1.363 ± 0.061 RJ , is
a hot Jupiter in an extremely close orbit (a = 0.01855 AU). WTS-2b receives a high level of
incident radiation due to its proximity to the central star, which puts this planet in the list
of interesting objects for further studies on planetary atmospheres.
The CASE study: the Calar Alto Secondary Eclipse study
The Calar Alto Secondary Eclipse study was an observational program dedicated to detect
the secondary eclipses in the near-infrared of two known close-orbiting exoplanets (WASP-10b
and Qatar-1b). The photometric data was modeled with an occultation model and analyzed
using the Markov Chain Monte Carlo method, as presented in Chapters 4 and 5. Such study
was capable of placing a restriction on these exoplanets eccentricities and revealing their
brightness temperature in the Ks-band.
The hot Jupiter WASP-10b, a planet with a radius of Rp = 1.039 RJ , orbits its K-
dwarf central star at a distance of 0.0378 AU. Based on published values for the argument of
periastron, the analysis resulted in a value for |e cosω| of 0.0044, with a derived eccentricity
which is one order of magnitude smaller than previous values found in the literature. From the
observed eclipse depth of 0.137%+0.013%
−0.019%, we determined a Ks-band brightness temperature of
TKs ≃ 1647+97−131 K, which exceeds the maximum equilibrium temperature expected for this
exoplanet. Such high derived temperature could be related to the stellar activity, nevertheless,
this is still a subject to be investigated.
The close-orbiting exoplanet Qatar-1b, with a radius of Rp = 1.18 RJ , also has a K dwarf
as host star but at a distance of 0.02343 AU. The analysis revealed a |e cosω| of 0.0108,
giving a minimum eccentricity of approximately 0.0108 for the system. We have observed an
eclipse depth of 0.183%+0.021%
−0.025%, which led to a derived brightness temperature in the Ks-band
of TKs ≃ 1849+114−121 K. This value is in agreement with the expected maximum equilibrium
temperature, within the errors. Since evidences of activity were found in Qatar-1, and if we
consider the small separation of this system, this exoplanet is an interesting object for further
studies of the effects of stellar activity in exoplanetary atmospheres.
Additional thermal emission measurements are necessary, at the mid-infrared for example,
in order to investigate the suggested absence of a thermal inversion layer and understand how
heat is redistributed over the atmospheres of these exoplanets.
At last, in Chapter 6, we have discussed the relation between the amount of incident radiation
received by hot Jupiters and the presence or absence of an inversion layer. We also have
verified a possible correlation of the measured Ks-band brightness temperature with the
log(R′HK) activity index for a few exoplanets, as a way to identify exoplanets with or without
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thermal inversion. We, then, encourage to increase the sample of exoplanets with measured
activity indices and Ks-band brightness tempertature as an attempt to validate or not such
empirical correlation.
The absence of a thermal emission in the atmospheres of WASP-10b an Qatar-1b could
not be confirmed with the presented data only. Nevertherless, we have shown some hints
in favor of a non-inverted temperature profile. The atmospheric spectral models computed
without TiO and VO were the closest model possible to the observed thermal emission of both
planets. Furthermore, the empirical correlation between Ks-band brightness temperature and
the stellar activity shows we can expect both stars to be quite active, and the planets are
more likely to present an absence of a thermal inversion. So we believe these exoplanets fall
in the sample of planets without a thermal inversion layer in their atmospheres.
Cap´ıtulo 8
Discusio´n final: nuestros resultados
en contexto
“La frase ma´s excitante que se puede o´ır en ciencia,
la que anuncia nuevos descubrimientos,
no es ‘¡Eureka!’ (¡Lo encontre´!), sino ‘Que´ raro...’ ”
Isaac Asimov
En los cap´ıtulos anteriores hemos estudiado las propiedades estelares de dos estrella que
albergan planetas, descubiertas por el WFCAM Transit Survey, WTS-1 y WTS-2. Hemos
presentado tambie´n la deteccio´n de eclipses secundarios de dos planetas previamente conoci-
dos, WASP-10b y Qatar-1b. En este cap´ıtulo se discuten nuestros resultados en el contexto
de los exoplanetas que transitan y nuestras conclusiones finales.
8.1 Escenario de los exoplanetas que transitan
Con anterioridad al lanzamiento de los sate´lites Kepler y CoRoT, la mayor´ıa de los exo-
planetas fue descubierta con el uso de la te´cnica de las velocidades radiales y solamente
una pequen˜a cantidad de planetas transitaban su estrella madre. Hoy en d´ıa, ma´s de 1200
exoplanetas que transitan (los exoplanetas con tra´nsitos observados) han sido detectados.
Adema´s, existe una lista todav´ıa mayor de posibles exoplanetas que se encuentran a la espera
de la confirmacio´n de su naturaleza. Sin embargo, dado que existe una gran diversidad de
sistemas al considerarse las propiedades de los exoplanetas en s´ı, sus caracter´ısticas orbitales
y sus estrellas centrales (per´ıodo orbital, excentricidad, clase de luminosidad, tipo espectral,
etc.), una caracterizacio´n completa es necesaria con el objetivo de comprender la evolucio´n
y formacio´n de los sistemas planetarios.
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Figura 8.1: Panel superior: Diagrama masa–radio de los exoplanetas conocidos que transitan.
Los c´ırculos rojos representan los objetos del WTS y los c´ırculos azules muestran los del CASE
study. Los c´ırculos pequen˜os esta´n coloreados de acuerdo con la distancia (a) de los exoplanetas
a sus estrellas centrales. Las l´ıneas discontinuas ilustran las densidades planetarias de 0.1, 0.3,
0.5, 1.0, 2.0, 4.0 en unidades de la densidad de Ju´piter. Panel inferior: Diagrama masa–radio
presentado en distintas escalas, aproximado alrededor de la posicio´n de nuestros objetos de
estudio. Obse´rvese el cambio en la escala logar´ıtmica del eje x del panel superior.
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Tabla 8.1: Nu´mero total de sistemas planetarios conocidos que transitan del TEPcat. Ver al
texto para las definiciones de objetos bien estudiados y poco estudiados. (Cre´ditos: TEPcat.)
Fuente del descubrimiento Bien estudiados Poco estudiados
Kepler 204 777
SuperWASP 99
HATnet 47
CoRoT 26
OGLE 8
HAT-South 8
XO 5
TrES 5
KELT 4
WTS 2
Qatar 2
MEarth 1
Other 16
El TEPcat1 es un cata´logo disponible en la web que reu´ne las propiedades f´ısicas de los
sistemas planetarios que transitan (Southworth 2011), presentando una cuidadosa compi-
lacio´n de los resultados de la literatura. La Tabla 8.1 presenta el nu´mero de exoplanetas
que transitan descubiertos por distintos consorcios, segu´n el cata´logo mencionado2. Estos
exoplanetas esta´n divididos en dos categor´ıas: los objetos bien estudiados y poco estudiados.
Segu´n la definicio´n dada en el cata´logo, los planetas considerados como bien estudiados son
aquellos que han sido estudiados individualmente en detalle y los planetas poco estudiados
son aquellos que han sido analizados en conjunto y incluye solamente planetas de la base de
datos del telescopio Kepler detectados v´ıa el me´todo de la variacio´n del tiempo del tra´nsito
(TTV, del ingle´s Transit-Timing Variation)3 que no tienen medidas mu´ltiplas de velocidad
radial (es decir, sin estimaciones de masa y densidad). Los sistemas bien estudiados com-
prenden un total de 427 exoplanets encuanto los poco estudiados suman 777 objetos4. En
este cap´ıtulo, compararemos nuestros resultados con el grupo de planetas bien estudiados con
el fin de obtener algunas interpretaciones generales.
La figura 8.1 ilustra la posicio´n de los cuatro objetos estudiados en esta tesis (WTS-1b,
WTS-2b, WASP-10b y Qatar-1b) en el diagrama masa–radio de los planetas que transitan.
Los objetos de WFCAM Transit Survey esta´n representados por c´ırculos rojos y los objetos
del CASE study por c´ırculos azules. Los para´metros de los otros planetas (c´ırculos en otros
colores) fueron obtenidos del cata´logo mencionado arriba. Los objetos con un l´ımite superior
de la masa y/o sin estimaciones de masa, radio, o semieje mayor no fueron considerados. Un
diagrama ana´logo de masas y radios de las estrellas centrales se muestra en la Figura 8.2,
1Disponible en http://www.astro.keele.ac.uk/jkt/tepcat/tepcat.html
2Esta tabla fue reproducida directamente del TEPcat y esta´ disponible en
http://www.astro.keele.ac.uk/jkt/tepcat/html-tepnumber.html.
3El me´todo de la variacio´n del tiempo del tra´nsito (TTV) consiste en encontrar cuerpos adicionales en el
sistema a trave´s de la medida del tiempo de varios tra´nsitos. La presencia de otro planeta puede perturbar la
o´rbita del planeta ya conocido y afectar el tiempo previsto para que ocurra el tra´nsito.
4Estas informaciones fueron obtenidas de la pa´gina-web del TEPcat en el 6 Mar 2015.
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Figura 8.2: Panel superior: Diagrama masa–radio de estrella centrales con planetas que tran-
sitan. Los c´ırculos rojos representan los objetos del WTS y los azules muestran los objetos del
CASE study. Los c´ırculos en otros colores presentan distintos rangos de temperatura efectiva
de las estrellas centrales. Panel inferior: El mismo diagrama mostrando un co´digo distinto de
colores para el radio del planeta, en unidades del radio de la Tierra (RE).
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considera´ndose la misma muestra. En el panel superior, los c´ırculos de colores representan
distintos rangos de temperatura efectiva de la estrella (Teff ), donde asignamos estrellas con
temperaturas entre 3700 < Teff < 5200 K como enanas tipo K, estrellas con 5200 < Teff <
6000 K como enanas G y aquellas con Teff > 6000 K como enanas F. Tales definiciones son
solamente ilustrativas.
En el panel inferior de la Figura 6.2, el mismo diagrama de masa–radio es presentado con
un co´digo de colores distinto. Aqu´ı mostramos la distribucio´n de diferentes radios planetarios
en tres rangos de radios. La gran mayor´ıa de las estrellas centrales albergan planetas como
Ju´piter, con Rp > 3.9 RE. Conforme a Buchhave et al. (2014), los planetas con radio
superiores a 3.9 RE (∼0.35 RJ) son considerados planetas gigantes de gas y hielo, o gigantes
gaseosos. Aquellos planetas con radios menores que 1.7 RE (∼0.15 RJ) se suponen que son
planetas rocosos. Estos autores tambie´n definen una tercera clase de planetas, con radio entre
1.7 and 3.9 RE , llamados de enanos de gas, o enanos gaseosos (gas dwarfs).
Los planetas gigantes (Rp > 3.9 RE) se habr´ıan formados a una distancia de cerca a
∼3 AU, donde crecieron rapidamente y acumularon una atmo´sfera gaseosa y so´lo entonces
migraron para o´rbitas ma´s internas debido a interacciones planeta-disco, por ejemplo (Lin
et al. 1996; Ida & Lin 2004). Los planetas rocosos (Rp < 1.7 RE) pueden ser formados en
escalas de tiempo mayores, despue´s de que el gas en el disco protoplanetario se ha disipado.
Por tanto, no son capaces de acumular una atmo´sfera gaseosa (Hansen & Murray 2012). Se
espera que los enanos gaseosos (1.7 < Rp < 3.9 RE) tengan nu´cleos rocosos. Ellos se forman
ma´s rapidamente que los planetas pequen˜os, permitiendo la formacio´n de una atmo´sfera
gaseosa de hidro´geno y helio antes de la dissipacio´n del gas, segu´n Buchhave et al. (2014).
Existe un grupo pequen˜o de planetas que transitan en o´rbitas extremadamente cercanas
alrededor de sus estrellas centrales, con a ≤ 0.02 AU (llamados sub-0.02 AU), representados
por c´ırculos en magenta en la Fig. 6.1 (panel superior). El planeta WTS-2b es un miembro
de este grupo de los sub-0.02 AU. La gran mayor´ıa de la muestra analizada de planetas que
transitan tambie´n se encuentra muy cerca a la estrella, con semieje mayor de 0.02 < a ≤ 0.10
AU (c´ırculos en gris). Si hacemos una comparacio´n con las escalas en el Sistema Solar, la
distancia de estos objetos a sus estrellas centrales son de menos de un cuarto de las distancia
de Mecurio al Sol (a ≃ 0.387 AU).
Los exoplanetas con o´rbitas entre 0.10 AU y 0.50 AU (Fig. 6.1, c´ırculos en naranja)
presentan algo interesante. Aproximadamente la mitad de los sistemas planetarios de este
grupo tiene al menos un planeta en una o´rbita interior. El nu´mero de sistemas con mu´ltiples
planetas que transitan ha aumentado con Kepler, sin embargo, estos sistemas planetarios
compactos (with a < 0.50 AU) implican desaf´ıos significativos a las presentes teor´ıas de
formacio´n planetaria (Ford 2014).
El u´ltimo grupo (Fig. 6.1, c´ırculos en verde) esta´ compuesto por unos pocos objetos con
o´rbitas mayores que la mitad de la o´rbita de la Tierra (a > 0.50 AU). La gran mayor´ıa de
los objetos con a > 0.10 AU y todos los objetos con a > 0.50 AU han sido descubiertos
por el Kepler. Este sate´lite fue desarrollado para monitorizar continuadamente el mismo
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Figura 8.3: Semieje mayor orbital (en AU) frente a la densidad planetaria (en ρJ ) de los
planetas que transitan. Los c´ırculos rojos son los objetos del WTS y los azules son los objetos
del CASE study. Los c´ırculos pequen˜os fueron coloreados de acuerdo con la radiacio´n incidente
(Finc).
campo visual por un largo per´ıodo de tiempo, produciendo los descubrimientos de los planetas
ma´s pequen˜os y/o distantes, cuya identificacio´n era imposible con las bu´squedas realizadas
desde observatorios terrestres con el me´todo del tra´nsito. Por ejemplo, el u´ltimo grupo tiene
per´ıodos orbitales entre 126 y 290, aproximadamente.
Au´n considera´ndose la misma muestra, la Figura 8.3 muestra el semieje mayor (a) frente
a la densidad planetaria (ρ). Los c´ırculos pequen˜os fueron coloreados de acuerdo con la
radiacio´n incidente (Finc), donde los c´ırculos en magenta representan niveles de radiacio´n
incidente de menos de 1×108 erg s−1cm−2, los c´ırculos en gris presentan niveles entre 1×108
y 1× 109 erg s−1cm−2 y los c´ırculos en naranja son aquellos con radiacio´n superior a 1× 109
erg s−1cm−2. Como era esperado, cuanto ma´s lejos esta´ el planeta de su estrella central,
menor es el nivel de radiacio´n incidente recibido por el planeta, dado que:
Finc =
4piR2s · σT 4eff
4pia2
=
(
Rs
a
)2
· σT 4eff , (8.1)
donde σ es la constante de Stefan-Boltzmann.
Algunos estudios han sugerido que los planetas altamente irradiados (Finc > 10
9 erg
s−1cm−2) presentar´ıan una capa de inversio´n te´rmica en sus atmo´sferas (Fortney et al. 2008;
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Burrows et al. 2008). Mole´culas como las de TiO y VO en las atmo´sferas de estos planetas
absorber´ıan fuertemente el flujo estelar incidente, lo que llevar´ıa a tener estratosferas calientes
(Fortney et al. 2008). La relacio´n entre la radiacio´n incidente y la presencia o ausencia de una
inversio´n te´rmica no es concluyente todav´ıa y sera´ discutida ma´s adelante en este cap´ıtulo.
8.2 El WFCAM Transit Survey: WTS-1 y WTS-2
8.2.1 Comparacio´n de las propiedades generales
WTS-1b (Cappetta et al. 2012) fue el primer exoplaneta descubierto en el WFCAM Transit
Survey. Es un planeta con densidad de 1.21±0.42 ρJ (Mp = 4.01±0.35 MJ y Rp = 1.49+0.16−0.18
RJ) y esta´ localizado a la derecha en el diagrama de masa–radio de exoplanetas que transitan,
mostrado en la Figura 8.1. E´l es uno de los pocos exoplanetas que transitan con masaMp ≥ 4
MJ .
La estrella WTS-1 es una enana tipo F y su caracterizacio´n fue presentada en el Cap´ıtulo
3. En el diagrama de masa–radio de las estrellas centrales, todav´ıa considera´ndose solamente
las estrellas con planetas que transitan, WTS-1 aparece en el l´ımite inferior de la distribucio´n,
mostrado en la Fig. 8.2. Como fue presentado en la Seccio´n 3.2.2, hemos estimado la edad
del sistema variando entre 200Myr y 4.5Gyr, obtenida a partir de modelos evolucionarios e
iso´cronas. Sin embargo, la edad de 600 Myr fue considerada como el l´ımite inferior de la edad
del sistema WTS-1 con base en medidas de la abundancia de litio (Cappetta et al. 2012).
Fortney et al. (2007) han presentado modelos que estiman el radio planetario de acuerdo
con la edad del sistema para una dada masa planetaria, como es ilustrado en la Figura 8.4.
Estos modelos tienen en cuenta la distancia del planeta a su estrella central y la irradiacio´n
de la estrella. Muestran la contraccio´n de los planetas como funcio´n de la edad para distintas
distancias. Para una masa planetaria de 3 MJ a una distancia de 0.045 AU, estos modelos
predicen un radio de 1.2 RJ o menor para un sistema con 600 Myr o ma´s viejo. El planeta
WTS-1b tiene un radio de 1.49 RJ , que es mayor que el valor esperado de ∼1.2 RJ (Cappetta
et al. 2012).
WTS-1b no es el primer exoplaneta inflado en una o´rbita muy cercana. CoRoT-2b (Alonso
et al. 2008) es un ejemplo de un planeta masivo con un radio que es dificil de explicar
(Mp = 3.57 MJ , Rp = 1.46 RJ ; Southworth 2012). De los modelos de radio planetario y
edad de Fortney et al. (2007), y considera´ndose la masa de Mp = 3 MJ a una distancia de
0.02 AU (Fig. 8.4, panel D), el radio del planeta esperado es de ∼1.2 RJ para un sistema con
edad de 1.2 Gyr (Southworth 2012). Bouchy et al. (2008) ha encontrado sen˜ales de juventud
en su estrella central, CoRoT-2, como la presencia del doblete de Li I en absorcio´n en 6708 A˚
y la fuerte emisio´n en el centro de las l´ıneas de CaII H and K, lo que sugiere que el sistema
pueda ser ma´s joven que 0.5 Gyr. Utiliza´ndose de varios indicadores de edad y combinando
sus resultados de ana´lisis espectrosco´picos con otras estimaciones de la literatura, Schro¨ter
et al. (2011) han derivado una edad entre 100 y 300 para el sistema CoRoT-2. Sin embargo,
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Figura 8.4: Radios planetarios en funcio´n del tiempo para masas de 0.1MJ (panel A), 0.3MJ
(panel B), 1.0MJ (panel C) y 3.0MJ (panel D). Las cinco curvas con co´digo de colores de cinco
distintas separaciones orbitales del Sol esta´n presentadas en el panel C. Las l´ıneas continuas
indican los modelos sin nu´cleo y las l´ıneas discontinuas indican los modelos con un nu´cleo de 25
MEarth (Fortney et al. 2007, fig. 5).
este sistema deber´ıa ser ma´s joven que 20-30 Myr para explicar el radio planetario observado.
Schro¨ter et al. (2011), con base en sus observaciones en rayos-X, mostraron que el planeta
CoRoT-2b esta´ en un intenso campo de radiacio´n de alta energ´ıa y la cantidad medida de
radiacio´n ionizante podr´ıa influir en la estructura y evolucio´n de la atmo´sfera del planeta,
llevando a la evaporacio´n de material planetario por la interaccio´n con el viento estelar (ver
Schro¨ter et al. 2011, y referencias). Los autores han sugierido tambie´n la presencia de un
tercer cuerpo en el sistema, una compan˜era estelar tipo K, que tendr´ıa un papel en la dina´mica
del sistema y en el observado radio inflado de este exoplaneta.
Se puede hacer el mismo ana´lisis para WTS-2b (Birkby et al. 2014). Con un radio de
1.363 ± 0.061 RJ y una masa de 1.12 ± 0.16 MJ (ρp = 0.413 ± 0.080 ρJ), este exoplaneta
aparece a la izquierda en el diagrama de masa–radio (Fig. 8.1, panel inferior). Su estrella
central, WTS-2 – una estrella tipo K2V con masa y radio de Ms = 0.820 ± 0.082 M⊙ y
Rs = 0.761 ± 0.033R⊙ respectivamente – se encuentra en la parte inferior a la izquierda en
el diagrama de masa-radio de las estrellas centrales (Fig. 8.2). Como fue mostrado en la
Seccio´n 3.3.2, la estimacio´n de la edad de este sistema resulto´ en una edad entre 600Myr y
13.5Gyr.
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Figura 8.5: Radio planetario en funcio´n del semieje mayor orbital de los planetas gigantes
que transitan. Los objetos del WTS y del CASE study esta´n identificados con c´ırculos rojos y
azules, respectivamente. Algunos pocos sistemas aparecen en destaque. Los c´ırculos pequen˜os
fueron coloreados segu´n la radiacio´n incidente (Finc).
En el panel C de la Fig. 8.4, los modelos de Fortney et al. (2007) predicen un radio
planetario de 1.3 RJ o menor para un planeta con mada de 1 MJ a una distancia de 0.020
AU, considera´ndose un sistema con edad de 600 Myr o ma´s viejo. Tal prediccio´n esta´ de
acuerdo con los para´metros encontrados para el sistema de WTS-2b (ver Tabla 3.4 para las
propiedades de los exoplanetas del WTS y sus para´metros orbitales).
Es importante notar la proximidad de WTS-2b a su estrella central. Su separacio´n orbital
de tan so´lo a = 0.01855 AU, poniendo este planeta en el pequen˜o pero creciente grupo de
planetas gigantes extremos en o´rbitas sub-0.02 AU (Fig. 8.5), implica que este exoplaneta
recibe una alto nivel de radiacio´n incidente (Finc ∼ 1.26 × 109 erg s−1cm−2). WASP-19b
(Hebb et al. 2010) es otro exoplaneta muy cercano en una o´rbita sub-0.02 AU (a = 0.01634
AU). Este objeto es similar a WTS-2b tambie´n por su taman˜o, con radio de 1.410 RJ y
masa 1.139 MJ (ρp = 0.380 ρJ ; Mancini et al. 2013). WASP-19b es altamente irradiado
(Finc ∼ 4.2× 109 erg s−1cm−2) y, por lo tanto, tiene una temperatura de equilibrio alta. Por
ejemplo, Zhou et al. (2014) ha derivado una temperatura de brillo de TKs = 2310 K en la
banda Ks en el infrarrojo cercano (profundidad del eclipse secundario de 0.287%).
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8.2.2 Eclipses secundarios
Con la finalidad de relacionar el WTS con el CASE study, derivamos esta discusio´n a la
deteccio´n de eclipses secundarios. El ruido en los datos fotome´tricos de WTS-1b no ha
permitido este tipo de deteccio´n. Sin embargo, de la curva de luz de WTS-2b en la banda J
fue posible definir l´ımites del eclipse secundario.
Segu´n la descripcio´n de Lo´pez-Morales & Seager (2007)5 y asumiendo que la atmo´sfera
tiene albedo igual a cero (AB = 0) y reemite instanta´neamente el flujo estelar incidente (i.e.,
f = 2/3), la temperatura de equilibrio esperada del planeta WTS-2b es de Teq ∼2000 K.
Aunque e´sta no es una temperatura tan alta cuanto la del ju´piter caliente a mayor temper-
atura (e.g. KOI-13b tiene Teq ∼2900 K; Mislis & Hodgkin 2012), WTS-2b es une de los
planetas ma´s calientes orbitando a una enana K.
Como fue presentado en el art´ıculo del descubrimiento de WTS-2b (Birkby et al. 2014), un
simple ajuste de regresion lineal fue realizado en la curva de luz en la banda J a un modelo de
las rutinas de Mandel & Agol (2002) como un intento de detectar un eclipse secundario. El
modelo de mejor ajuste corresponde a una razo´n de flujos de Fp/Fs = 0.93×10−3±0.69×10−3.
La gran incertidumbre significa que la curva de luz del WTS no muestra de manera inambigu¨a
el eclipse secundario, por lo tanto no es posible restringir las propiedades de su atmo´sfera
con los datos del WTS. Sin embargo, WTS-2b es un buen candidato a futuros estudios de
eclipses secundarios en el infrarrojo cercano.
En resumen, el WFCAM Transit Survey fue disen˜ado para encontrar exoplanetas alrede-
dor de estrellas M v´ıa el me´todo del tra´nsito, con observaciones fotome´tricas en la banda J,
resultando en la deteccio´n de decenas de tra´nsitos tipo planetario. Los planetas ya confir-
mados de esta bu´squeda, WTS-1b y WTS-2b, orbitan estrellas de tipos ma´s tempranos (F
y K, respectivamente). La separacio´n de estos ju´piteres calientes a sus estrellas centrales es
menor que 0.05 AU, coloca´ndolos en la regio´n de los exoplanetas altamente irradiados con
Finc > 10
9 erg s−1cm−2 (Fig. 8.3). De acuerdo con Fortney et al. (2008), los planetas con
tan altos niveles de irradiacio´n tendr´ıan estratosferas calientes, debido a la absorcio´n del flujo
incidente por mole´culas como por ejemplo TiO y VO, llevando a un inversio´n de temperatura
en sus atmo´sferas. Observaciones de eclipses secundarios de ambos exoplanetas ayudar´ıan
la caracterizacio´n de la atmo´sfera infalda de WTS-1b y de las propiedades de la atmo´sfera
caliente de WTS-2b, este exoplaneta muy cercano en una o´rbita sub-0.02 AU.
5Como fue visto anteriormente en los Cap´ıtulos 4 y 5, la temperatura de equilibrio de un exoplaneta es
obtenida por Teq = Ts(Rs/a)
1/2[f(1 − AB)]
1/4, donde Ts y Rs son la temperatura efectiva y el radio de la
estrella, a es el semieje mayor orbital, f es el factor de rerradiacio´n y AB es el Bond albedo del planeta.
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8.3 El CASE study: WASP-10b y Qatar-1b
8.3.1 Eclipses secundarios en la banda Ks
Como fue mencionado en el Cap´ıtulo 1, el primer eclipse secundario (SE) fue observado con
Spitzer por Charbonneau et al. (2005) y desde tierra por de Mooij & Snellen (2009). Desde
entonces, el nu´mero de tales detecciones ha crecido y esta te´cnica se ha convertido en una
manera esencial de estudiar la atmo´sfera de exoplanetas conocidos. Actualmente, los eclipses
secundarios de ma´s de 50 exoplanetas han sido detectados. Entre ellos, casi 40 objetos fueron
observados en el intrarrojo medio con Spitzer y solamente un tercio del nu´mero total ha sido
detectado en la banda Ks6.
El Exoplanet Data Explorer7 es una tabla interactiva que presenta los datos del Exo-
planet Orbit Database (EOD). El EOD es una base de datos cuidadosamente contruida con
los para´metros orbitales de la espectroscop´ıa de exoplanetas de la literatura (Han et al. 2014),
con efeme´rides orbitales precisas de los exoplanetas conocidos. Este cata´logo ofrece, entre
otras informaciones, una lista de los exoplanetas conocidos que transitan que tienen eclipses
secundarios observados en distintas longitudes de onda. Aquellos exoplanetas con observa-
ciones en la banda Ks esta´n reunidos en la Tabla 8.2. En la Figura 8.6, la profundidad medida
del eclipse secundario en la banda Ks es mostrada en funcio´n de la magnitud de la estrella
central en la banda K de 2MASS, con base en los datos disponibles en ese cata´logo. Los
c´ırculos en distintos colores representan distintos rangos de temperatura Teff de la estrella.
Aqu´ı asignamos las estrella con Teff entre 3700 y 5200 K como enanas K, Teff entre 5200 y
6000 K como enanas G y Teff superior a 6000 K como enanas F. De nuevo, estas definiciones
son ilustrativas apenas.
En esta tesis, hemos presentado la observacio´n del eclipse secundario de WASP-10b como
el primer resultado del CASE study (Cap´ıtulo 4). Por lo tanto, la deteccio´n de su emisio´n
te´rmica en la banda Ks tambie´n ha sido mostrada.
WASP-10b orbita un estrella K5 con Teff = 4735 K (Christian et al. 2009) a una distancia
de 0.0378 AU (Barros et al. 2013) y el cociente de los radios del planeta y de la estrella es
de ∼0.157 (Rp = 1.039 RJ , Rs = 0.678 R⊙ Barros et al. 2013). Existe un sistema similar a
este donde la estrella central es tambie´n una enana K tard´ıa con Teff = 4520 K: el sistema de
WASP-43b (Hellier et al. 2011; Gillon et al. 2012). Con casi los mismos radios del planeta y
de la estrella (Rp = 1.036 RJ y Rs = 0.667 R⊙; Rp/Rs ∼0.158), la principal diferencia entre
estos sistemas es la distancia a la estrella central. WASP-43b esta´ ∼2.5 veces ma´s cerca a
su estrella que WASP-10b, a una distancia de tan so´lo 0.01526 AU – otro planeta altamente
irradiado en una o´rbita sub-0.02 AU.
La Figura 8.7 ilustra la distribucio´n de radios planetarios versus la radiacio´n incidente
para los pocos exoplanetas que tienen eclipses secundarios observados en la banda Ks. La
6So´lo 18 eclipses secundarios en la banda Ks han sido publicado hasta hoy, incluye´ndose las dos nuevas
detecciones presentadas en esta tesis.
7Disponible en http://www.exoplanets.org/
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Figura 8.6: Magnitud de la estrella en la banda K (2MASS) versus la profundidad del eclipse
secundario observado en la banda Ks de los exoplanetas conocidos que transitan (c´ırculos en
colores). Los c´ırculos azules muestran los objetos del CASE study. Otros objetos de intere´s
esta´n identificados.
Figura 8.7: Radio planetario en funcio´n de la radiacio´n incidente de los exoplanetas conocidos
que tienen detectados eclipses secundarios en la banda Ks (c´ırculos en colores). WASP-10b y
Qatar-1b esta´n representados por c´ırculos azules. Otros objetos de intere´s esta´n identificados.
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Tabla 8.2: Exoplanetas conocidos con eclipses secundarios (SE) observados en la banda Ks.
Objeto profundidad TKs Referencia
del SE (%) (K)
CoRoT-1b 0.336± 0.042 2460+80
−160 Rogers et al. (2009)
CoRoT-2b 0.16± 0.09 1890+260
−350 Alonso et al. (2010)
HAT-P-1b 0.109± 0.025 2136+150
−170 de Mooij et al. (2011a)
HAT-P-23b 0.234± 0.046 2154± 90 O’Rourke et al. (2014)
Kepler-13b 0.122± 0.051 2750± 160 Shporer et al. (2014)
OGLE-TR-113b 0.17± 0.05 1943± 156 Snellen & Covino (2007); de Mooij (2011b)
Qatar-1b 0.183+0.021
−0.025 1849
+114
−121 Esta tesis
TrES-2b 0.062+0.013
−0.011 1636
+79
−88 Croll et al. (2010a)
TrES-3b 0.133+0.018
−0.016 1731
+56
−60 Croll et al. (2010b)
WASP-3b 0.181± 0.020 ∼ 2435 Zhao et al. (2012)
WASP-4b 0.185+0.014
−0.013 1995± 40 Ca´ceres et al. (2011)
WASP-10b 0.137+0.013
−0.019 1647
+97
−131 Esta tesis
WASP-12b 0.309+0.013
−0.012 2988
+45
−46 Croll et al. (2011)
WASP-19b 0.287± 0.020 2310± 60 Zhou et al. (2014)
WASP-33b 0.244+0.027
−0.020 3270
+115
−160 de Mooij et al. (2013)
WASP-43b 0.194± 0.029 1718+108
−107 Wang et al. (2013)
WASP-46b 0.253+0.063
−0.060 2306
+177
−187 Chen et al. (2014)
WASP-48b 0.109± 0.027 2158± 100 O’Rourke et al. (2014)
radiacio´n incidente fue calculada con la Eq. 8.1. Es posible notar que en la parte inferior a
la izquierda de esta gra´fica esta´n los exoplanetas que orbitan enanas K y en la parte superior
a la derecha esta´ aquellos que orbitan enanas F. WASP-10b esta´ representado por un c´ırculo
azul en la parte inferior de la gra´fica, y es el exoplaneta observado con la menor radiacio´n
incidente (Finc ∼ 2 × 108 erg s−1cm−2). Esto es un quinto de la radiacio´n recibida por
WASP-43b (Finc ∼ 9.7× 108 erg s−1cm−2).
La deteccio´n del eclipse secundario de WASP-43b en la banda Ks por Wang et al. (2013)
ha mostrado una profundidad de 0.194%, lo que resulto´ en una temperatura de brillo de
TKs ≃ 1718 K. Este valor es mayor que la temperatura de equilibrio esperada de Teq = 1434
K, asumiendo una rerradiacio´n isotro´pica y un Bond albedo de cero (AB = 0; f = 1/4). Chen
et al. (2014) tambie´n han encontrado una profundidad similar en la banda Ks de 0.197%. El
ana´lisis hecho por Chen y colaboradores resulto´ en una temperatura de brillo de TKs ≃ 1878
K. Cuando comparada con la ma´xima temperatura de equilibrio permitida de Teq = 1839
K (AB = 0; f = 2/3), este resultado sugiere que la atmo´sfera en el lado de d´ıa de este
exoplaneta es muy ineficiente en la redistribucio´n del calor.
Hemos observados una profundidad para el eclipse secundario de WASP-10b de 0.137%,
que resulto´ en la temperatura de brillo derivada en la banda Ks de TKs ≃ 1647 K. Mismo
considera´ndose un rerradiacio´n instanta´nea y un albedo Bond de cero (f = 2/3; AB = 0), la
temperatura de equilibrio ma´xima esperada para este planeta es de Teq = 1224 K. Algunos
escenarios fueron considerados para explicar esta alta emisio´n te´rmica en el lado de d´ıa (ver
Seccio´n 4.4.2), sin embargo no han sido concluyentes. Nuevas observaciones son necesarias,
en diferentes longitudes de onda, para comprender mejor la atmo´sfera de WASP-10b.
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En lo que respecta a Qatar-1b, la observacio´n del eclipse secundario de este exoplaneta fue
presentada en el Cap´ıtulo 5, como el segundo resultado del CASE study, junto al respectivo
ana´lisis de su emisio´n te´rmica en la banda Ks.
Qatar-1b tiene como estrella central una enana K con Teff = 4910 K, a una distancia de
0.02343 AU y un cociente de los radios del planeta y de la estrella de Rp/Rs ∼0.151 (Covino
et al. 2013). TrES-2b (O’Donovan et al. 2006) parece hacer parte de un sistema distinto,
con Rp/Rs ∼0.126, donde la estrella central G0V es mucho ma´s caliente, con Teff = 5850 K
y esta´ a una distancia de 0.03567 AU (Southworth 2011). A pesar de esas diferencias, en
la Figura 8.7, Qatar-1b esta´ localizado en la parte inferior de la distribution de los radios
planetarios versus la radiacio´n incidente, y encontramos a TrES-2b muy cerca a Qatar-1b.
Ambos exoplanetas tienen radios planetarios similares de Rp = 1.18 RJ (Covino et al. 2013)
y Rp = 1.193 RJ (Southworth 2011), respectivamente. La cantidad de flujo incidente en la
atmo´sfera de Qatar-1b es de Finc ∼ 0.83× 109 erg s−1cm−2, que es aproximadamente 80% de
la radiacio´n recibida por TrES-2b (Finc ∼ 1.05 × 109 erg s−1cm−2).
Croll et al. (2010a) han detectado el eclipse secundario de TrES-2b en la banda Ks y han
encontrado una profundidad de 0.062%, lo que corresponde a una temperatura de brillo de
TKs ≃ 1636 K. Asumiendo un Bond albedo de cero y una rerradiacio´n isotro´pica (AB = 0;
f = 1/4), estos autores han estimado una temperatura de equilibrio de Teq = 1472 K.
Temperaturas de equilibrio ma´s altas pueden ser estimadas si se considera un redistribucio´n
y rerradiacio´n en el lado de d´ıa (f = 1/2) o una rerradiacio´n instanta´nea (f = 2/3) para
TrES-2b (∼1744 K y ∼1874 K, respectivamente). Sin embargo, al combinar su deteccio´n
con los eclipses secundarios disponibles de IRAC/Spitzer (O’Donovan et al. 2010), Croll y
colaboradores han concluido que un modelo de cuerpo negro (considera´ndose f = 0.346
y Teq ∼1622 K) es capaz de explicar los datos, lo que sugiere que TrES-2b presenta una
redistribucio´n moderada del calor del lado de d´ıa al lado de noche.
Nuestro ana´lisis del eclipse secundario de Qatar-1b en la banda Ks ha resultado en una
profundidad de 0.183%, llevando a una temperatura de brillo de TKs ≃ 1849 K (Seccio´n 5.4.2).
Si se considera la ma´xima temperatura de equilibrio posible para este planeta de Teq = 1768 K
(f = 2/3; AB = 0), la temperatura obtenida sugiere que su atmo´sfera tambie´n es ineficiente
en la redistribucio´n del calor. Nuevas medidas de emisio´n te´rmica en otras longitudes de
onda, en el infrarrojo medio por ejemplo, son necesarias en el intento de explicar la alta
temperatura de brillo encontrada y estudiar como el calor es redistribuido en la atmo´sfera de
este planeta.
8.3.2 Presencia o ausencia de inversio´n te´rmica
Fortney et al. (2008) y Burrows et al. (2008) han propuesto que exoplanetas irradiados de-
ber´ıan estar divididos en aquellos con y sin estratosferas calientes, y por lo tanto, con o sin
una capa de inversio´n de temperatura. Los exoplanetas altamente irradiados presentar´ıan
una capa de inversio´n un sus atmo´sferas. En niveles bajos de irradiacio´n, las atmo´sferas ex-
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Figura 8.8: Radiacio´n incidente como funcio´n de la temperatura de brillo observada en la
banda Ks disponible en la literatura. WASP-10b y Qatar-1b esta´n presentados en azul. La
temperatura de equilibrio deriveda de la radiacio´n incidente tambie´n es mostrada para f = 1/4
(l´ınea punteada), f = 1/2 (l´ınea discontinua) y f = 2/3 (l´ınea continua).
oplanetarias no presentar´ıan inversio´n de temperatura. Como fue mencionado anteriormente
en el Cap´ıtulo 2, existen exoplanetas que no siguen tal tendencia. XO-1b presenta evidencias
de un inversio´n de temperatura a pesar de su baja irradiacio´n (Machalek et al. 2008) y
TrES-3b no muestra in inversio´n te´rmica a pesar de su alta irradiacio´n (Fressin et al. 2010).
Para un escenario ma´s general, la Figura 8.8 ilustra la radiacio´n incidente como funcio´n
de la temperatura de brillo observada. Los objetos del CASE study esta´n identificados en
azul. La temperatura de equilibrio, para un Bond albedo de cero, dada por
Teq = Teff ·
(
Rs
a
)1/2
· f1/4 =
(
f · Finc
σ
)1/4
, (8.2)
tambie´n es presentada considera´ndose una rerradiacio´n isotro´pica con f = 1/4 (l´ınea pun-
teada), una rerradiacio´n apenas sobre el lado de d´ıa con f = 1/2 (l´ınea discontinua) y un
redistribucio´n de calor ineficiente con f = 2/3 (l´ınea continua). Los datos fueron coloreados
de acuerdo con sus perfiles de temperatura, donde se presentan los planetas con inversio´n
te´rmica (c´ırculos en magenta), con una de´bil inversio´n te´rmica (c´ırculos en verde) y los sin
inversio´n (c´ırculos en naranja). Aquellos exoplanetas cuyos perfiles de temperatura no han
sido analizados o los que el respectivo ana´lisis no ha sido concluyente son mostrados en gris.
No existe ninguna tendencia visual clara de la presencia o ausencia de una capa de inversio´n
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te´rmica con el nivel de radiacio´n incidente.
Knutson et al. (2010) ha investigado la correlacio´n entre la actividad de la estrella y
la presencia o ausencia de la capa de inversio´n en la atmo´sfera de los ju´piteres calientes.
Ellos han estimado el ı´ndice de actividad log(R′HK) a partir de las l´ıneas espectrales CaII
H y K (en 3968 y 3933 A˚, respectivamente) para 50 estrellas centrales con planetas que
transitan. Entre ellas, 16 objetos fueron seleccionados por tener disponible observaciones
de eclipses secundarios en las bandas de 3.6 y 4.5 µm del IRAC (Spitzer). Estos autores
han encontrado que aquellos exoplanetas sin una capa de inversio´n te´rmica orbitan estrellas
ma´s activas (log(R′HK) > −4.9) y los planetas con una capa de inversio´n esta´n asociados a
estrellas calmas (log(R′HK) < −4.9). Solamente CoRoT-2b parece no seguir esta relacio´n, sin
embargo, la atmo´sfera de este exoplaneta no ha sido bien caracterizada con modelos con o
sin inversio´n.
Con el fin de explicar la correlacio´n observada, estos autores han sugerido que el alto flujo
UV emitido por las estrellas ma´s ativas influir´ıa en la fotoqu´ımica de la atmo´sferas de los
ju´piteres calientes y destruir´ıa el absorbedor responsable por la capa de inversio´n.
De la lista de estrellas centrales con planetas que transitan con medidas de log(R′HK) de
Knutson et al. (2010), hemos identificado nueve objetos de nuestra lista de exoplanetas con
eclipses secundarios observados en la banda Ks. Con el objetivo de discutir esta correlacio´n
de la actividad estelar con el perfil de temperatura (con o sin inversio´n), hemos investigado la
relacio´n del log(R′HK) con la temperatura de brillo estimada. La Figura 8.9 muestra el ı´ndice
de actividad mencionado como funcio´n de TKs. Con base en esta muestra, los exoplanetas que
presentan una capa de inversio´n te´rmica (c´ırculos en magenta) esta´n localizados a la izquierda
de la gra´fica, en la regio´n de las estrellas poco activas o calmas (log(R′HK) < −4.9). Aquellos
planetas sin tal inversio´n (c´ırculos en naranja) esta´n localizados a la derecha, en la regio´n de
las estrellas ma´s activas (log(R′HK) > −4.9). WASP-3b y CoRoT-2b tambie´n se presentan en
la regio´n de las estrellas activas, sin embargo, WASP-3b necesita ma´s observaciones con el
fin de se caracterizar su atmo´sfera y la atmo´sfera de CoRoT-2b no puede ser explicada por
los modelos sin inversio´n.
Como un intento de cuantificar la correlacio´n aparente en la Figura 8.9, hemos realizado
in ajuste lineal que resulto´ en la siguiente relacio´n emp´ırica:
TKs = (−3560 ± 318) + (−1168 ± 65) · log(R′HK), (8.3)
con TKs dado en K.
Las temperaturas de brillo en la banda Ks estimada en el CASE study son de TKs ≃
1647 K y TKs ≃ 1849 K para WASP-10b y Qatar-1b, respectivamente. Con base en la
relacio´n emp´ırica anterior, podemos predecir los valores de log(R′HK) de −4.4 para WASP-10
y de −4.6 para Qatar-1, aproximadamente, colocando a ambos sistemas en la regio´n de las
estrellas activas y de exoplanetas sin una capa de inversio´n te´rmica. Vale la pena destacar que
estos valores son estimaciones especulativas y no deben ser consideradas como indicadores
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Figura 8.9: El ı´ndice de actividad log(R′HK) de Knutson et al. (2010) como funcio´n de la
temperatura de brillo en la banda Ks presente en la literatura. La l´ınea vertical punteada
delinea la separacio´n entre estrellas activas (log(R′HK) > −4.9) y estrellas calmas (log(R
′
HK) <
−4.9). La l´ınea discontinua muestra una correlacio´n emp´ırica entre las dos cantidades, con
dTKs/d log(R
′
HK) ≃ −1168 ± 65 K.
de actividad. Sin embargo, sen˜ales de actividad ya han sido encontrados por Smith et al.
(2009), Maciejewski et al. (2011b) y Barros et al. (2013) en WASP-10, y Mislis et al. (2015)
ha encontrado evidencias de actividad en Qatar-1, como fue presentado en las Secciones 4.4.2
y 5.4.2, respectivamente. Ana´lisis posteriores de espectros estelares se hacen necesarios con
el fin de medir los ı´ndices de actividad mencionados de ambos sistemas y confirmar o no los
valores de log(R′HK) predichos.
Esta relacio´n emp´ırica entre log(R′HK) y TKs ha tenido como base de datos solamente
nueve puntos. Para un ana´lisis ma´s preciso, necesitamos aumentar la muestra mediante la
medicio´n de los mismos ı´ndices de actividad en las estrellas con exoplanetas que tienen la
temperatura de brillo en la banda Ks ya estimada y mediante la observacio´n de nuevos eclipses
secundarios, en la misma banda, de los ju´piteres calientes conocidos en o´rbitas cercanas.
En resumen, los objetos del CASE study han aumentado el nu´mero de ju´piteres calientes
conocidos con eclipses secundarios detectados y con temperaturas de brillos en la banda Ks
estimadas. Dichos estudios han sido realizados con el objetivo de comprender mejor las
propiedades de las atmo´sferas de estos mundo con o´rbitas tan cercanas a sus estrellas. Los
exoplanetas poco irradiados WASP-10b y Qatar-1b (Finc < 10
9 erg s−1cm−2) parecen no
tener una capa de inversio´n te´rmica en sus altas atmo´sferas, sin embargo, no hemos encon-
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trado ninguna relacio´n entre la ausencia de la capa de inversio´n te´rmica con bajos niveles de
irradiacio´n. La correlacio´n entre la actividad estelar y a ausencia de una capa de inversio´n
propuesta por Knutson et al. (2010) fue observada en la pequen˜a muestra analizada de exo-
planetas con temperaturas de brillo estimadas en la banda Ks, sin embargo, son necesarios
ana´lisis posteriores para validar o no tal correlacio´n.
La actividad estelar puede causar otros efectos en las atmo´sferas planetarias. Como fue
mencionado anteriormente en la Seccio´n 4.4.2, erupciones en el UV (UV flares) y radiaciones
en rayos X pueden calentar la alta atmo´sfera, conduciendo al escape atmosfe´rico y la pe´rdida
de masa planetaria (Khodachenko et al. 2007; Lammer et al. 2007). El HD 209458b fue el
primer exoplaneta detectado con una atmo´sfera en escape, con una tasa de pe´rdida de masa
de ∼1010 g s−1 (Vidal-Madjar et al. 2003). Lecavelier Des Etangs et al. (2010) han encontrado
una tasa similar para el planeta HD 189733b. Estos y otros estudios han mostrado que la
radiacio´n coronal tiene un importante papel en las atmo´sferas de exoplanetas muy cercanos
alrededor de estrellas activas.
Por un lado, la intensidad de la radiacio´n UV y rayos-X de la estrella depende de la
actividad estelar, la cual decae con el tiempo (a lo largo de la secuencia principal) al disminuir
la rotacio´n de la estrella. En otras palabras, estrellas jo´venes y de ra´pida rotacio´n tienen ma´s
alta luminosidad en este rango de radiacio´n que estrellas viejas con per´ıodos de rotacio´n ma´s
cortos (Linsky 2014, y referencias). Tal decaimiento ocurrir´ıa en distintas tasas de acuerdo
con el tipo espectral de la estrella, mostrado por ejemplo por Page & Pasquini (2004); Ribas
et al. (2005) para estrellas tipo solar, y por Engle & Guinan (2011) para enanas tipo M. Estas
emisiones de alta energ´ıa pueden tener un impacto en la evolucio´n inicial de las atmo´sferas
planetarias (Ribas et al. 2010). Por otra parte, resultados de modelos evolucionarios solares
mostraron que el Sol era ma´s fr´ıo y menor en el pasado, con una luminosidad bolome´trica
de cerca a 30% menor que su valor actual. Estrellas sufren un aumento en la luminosidad
(y en el radio) a lo largo de la fase de secuencia principal, lo que cambia la cantidad de
radiacio´n recibida por el planeta y aumento su temperatura (Lammer 2013). En una visio´n
ma´s general, los planetas pueden sufrir cambios de temperatura con el tiempo y la evolucio´n
de las atmo´sferas planetarias depende de la evolucio´n de la estrella madre.
Este tema no es parte de los objetivos de esta disertacio´n y no sera´ discutido en detalle
aqu´ı. Sin embargo, el entendimiento de como la actividad estelar interfiere en la estructura de
las atmo´sferas de planetas muy cercanos puede ayudar a develar los ambientes exoplanetarios
en estagios iniciales de evolucio´n.
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Conclusiones
“La verdad en ciencia puede ser definida como la hipo´tesis de trabajo
que mejor se ajusta para abrir el camino a la siguiente mejor ajustada.”
Konrad Lorenz
Esta disertacio´n ha sido dedicada a la caracterizacio´n de las estrellas con planetas WTS-
1 y WTS-2, y a la deteccio´n de la emisio´n te´rmica a trave´s de observaciones de eclipses
secundarios de los exoplanetas conocidos WASP-10b y Qatar-1b. Resumimos, entonces, los
resultados obtenidos.
EL WTS: el WFCAM Transit Survey
El WFCAM Transit Survey es un consorcio enfocado a la bu´squeda de exoplanetas alrededor
de estrellas fr´ıas. A pesar de su optimizacio´n a las estrellas enanas tipo M, la bu´squeda ha
detectado tra´nsitos de ju´piteres calientes alrededor de una estrella F tard´ıa (WTS-1) y de
una K temprana (WTS-2). La caracterizacio´n de ambas estrellas ha sido presentada en el
Cap´ıtulo 3, donde hemos derivado las propiedades f´ısicas estelares por medio del ajuste de la
distribuicio´n espectral de energ´ıa y de ana´lisis espectrosco´picos.
La estrella WTS-1 es una enana F tard´ıa con masa de 1.2± 0.1 M⊙ y radio de 1.15+0.10−0.12
R⊙. El ana´lisis resulto´ en una temperatura efectiva y una gravidad superficial de 6250± 200
K y 4.4 ± 0.1, respectivamente, y una metalicidad entre −0.5 a 0.0 dex. La edad estimada
para el sistema esta´ entre 600Myr and 4.5Gyr. El exoplaneta WTS-1b es un planeta masivo
y inflado, con radio de Rp = 1.49
+0.16
−0.18 RJ y masa de Mp = 4.01±0.35 MJ . Una comparacio´n
con modelos de radios planetarios en funcio´n de la edad ha mostrado que este planeta tiene
el radio mayor que el valor esperado para un planeta con su masa y edad, a una distancia de
0.047 AU.
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La estrella WTS-2 es una enana K temprana, con masa y radio de M⋆ = 0.820 ± 0.082
M⊙ y de R⋆ = 0.761 ± 0.033 R⊙, respectivamente. El ana´lisis ha revelado una temperatura
efectiva de 5000± 250 K, una gravidad superficial de 4.5± 0.5 y una metalicidad de [Fe/H]
of +0.2+0.3
−0.2 dex. Esta estrella tiene una edad estimada entre 600Myr and 13.5Gyr. El
exoplaneta WTS-2b, con masa de 1.12± 0.16 MJ y radio de 1.363 ± 0.061 RJ , es un jupiter
caliente en una o´rbita extremadamente cercana a su estrella (a = 0.01855 AU). WTS-2b
recibe un alto nivel de radiacio´n incidente debido a la proximidad a su estrella central, lo que
incluye este planeta en la lista de los objetos interesantes para futuros estudios de atmo´sferas
planetarias.
El CASE study: el Calar Alto Secondary Eclipse study
El Calar Alto Secondary Eclipse study fue un programa observacional dedicado a detectar
eclipses secundarios, en el infrarrojo cercano, de dos exoplanetas conocidos que orbitan muy
cerca a sus estrellas (WASP-10b y Qatar-1b). Los datos fotome´tricos han sido modelados
con un modelo de ocultacio´n y analizados usa´ndose del me´todo de Markov Chain Monte
Carlo, como fue presentado en los Cap´ıtulos 4 y 5. Tal estudio ha sido capaz de restringir
las excentricidades de los exoplanetas estudiados y revelar sus temperaturas de brillo en la
banda Ks.
El ju´piter caliente WASP-10b, un planeta con un radio de Rp = 1.039 RJ , orbita a
su estrella central enana K a una distancia de 0.0378 AU. Con base en valores publicados
del argumento del periastro, el ana´lisis resulto´ en un valor de |e cos ω| de 0.0044, con una
excentricidad derivada que es un orden de magnitud menor que los valores encontrados en
la literatura. De la profundidad observada del eclipse, que fue de 0.137%+0.013%
−0.019%, hemos
determinado una temperatura de brillo en la banda Ks de TKs ≃ 1647+97−131 K, la cual excede
la ma´xima temperatura de equilibrio esperada para este exoplaneta. La alta temperatura
derivada puede estar relacionada a la actividad estelar, sin embargo, este es todav´ıa un tema
a ser investigado.
El planeta Qatar-1b, con un radio de Rp = 1.18 RJ , tambie´n tiene como estrella central
una enana K, pero orbita muy cercano a ella a una distancia de 0.02343 AU. El ana´lisis
ha revelado un |e cos ω| de 0.0108, con una excentricidad mı´nima para el sistema de aproxi-
madamente 0.0108. Hemos observado una profundidad del eclipse de 0.183%+0.021%
−0.025%, la cual
nos llevo´ a una temperatura de brillo derivada en la banda Ks de TKs ≃ 1849+114−121 K. Este
valor esta´ de acuerdo con la ma´xima temperatura de equilibrio esperada, considera´ndose el
margen de error. Dado que evidencias de actividad han sido encontradas en Qatar-1, y si
consideramos la pequen˜a separacio´n del sistema, este exoplaneta es un objeto interesante
para futuros estudios de los efectos de la actividad estelar en las atmo´sferas planetarias.
Medidas de emiso´n te´rmica adicionales son necesarias, en el infrarrojo medio por ejemplo,
con el fin de investigar la posible ausencia de una capa de inversio´n te´rmica sugerida aqu´ı y
de comprender como el calor es redistribuido sobre la atmo´sfera de estos exoplanetas.
9. Conclusiones 123
Por fin, en el Cap´ıtulo 8, hemos discutido la relacio´n entre la radiacio´n incidente recibida
por los ju´piteres calientes y la presencia o ausencia de una capa de inversio´n te´rmica. Hemos
verificado tambie´n una posible correlacio´n de la temperatura de brillo medida en la banda
Ks con el ı´ndice de actividad log(R′HK) para unos pocos exoplanetas, como una manera
de identificar exoplanetas con o sin inversio´n te´rmica. Alentamos, entonces, a aumentar la
muestra de exoplanetas con ı´ndices de actividad y temperaturas de brillo en la banda Ks
medidos como un intento de validar o no dicha correlacio´n emp´ırica.
Solamente con los datos presentados aqu´ı no se puede confirmar la ausencia de una in-
versio´n te´rmica en las atmo´sferas de WASP-10b y Qatar-1b. Sin embargo, hemos mostrado
indicios en favor de un perfil de temperatura sin inversio´n. Los modelos de atmo´sfera plan-
etaria generados sin TiO y VO fueron los ma´s adecuados al ajustarse la emisio´n te´rmica de
ambos planetas. Adema´s, la correlacio´n emp´ırica entre la temperatura de brillo en la banda
Ks y la actividad estelar muestra que podemos esperar que ambas estrellas sean activas y
que dichos planetas sean propensos a presentar una ausencia de inversio´n te´rmica. As´ı que
creemos que estos exoplanetas pertenecen a la muestra de planetas sin una capa de inversio´n
te´rmica en sus atmo´sferas.
Chapter 10
Future work
“Somewhere, something incredible is waiting to be known.”.
Carl Sagan
Concerning the WFCAM Transit Survey additional outcomes, Birkby et al. (2012) have
presented the study of detached M-dwarf eclipsing binaries (MEBs) discovered in this pho-
tometric survey. As a continuation of the mentioned work, we have gathered spectroscopic
data, obtained with TWIN/CAHA, of five new MEBs from the WTS. These data have been
acquired during 10 nights distributed in four runs (PI: P. Cruz), in order measure their radial
velocities at different phases and to fully characterize these systems, when combined with the
analysis of their light curves. We also obtain low resolution spectra of the objects in question,
aiming at characterizing the primary star through the use of spectral indices as, for instance,
the Ratio A index (7020-7050 A˚/6960-6990 A˚) by Kirkpatrick et al. (1991). SED fitting with
the help of VOSA is also used.
From preliminary analyses, two of these five systems seem to have a late K-dwarf as
the primary component, and three of them were confirmed to be M-dwarf primaries. The
modelling of the light curves is already in progress, with the use of the eclipsing binary
software called jktEBOP1 (Southworth et al. 2004a,b), as done by Birkby et al. (2012). The
intention here is to continue the work presented by these authors and increase the catalog of
M-dwarf eclipsing binaries found in the WFCAM Transit Survey.
As mentioned in Chapt. 6, WTS-2b turned out to be a good candidate for future sec-
ondary eclipse analysis. Our purpose is to measure the eclipse depth of this exoplanet in three
near-infrared regions, JHKs-bands. A proposal was sent (PI: J. Birkby) to the Long-slit In-
termediate Resolution Infrared Spectrograph (LIRIS) at the William Herschell Telescope
(WHT) on La Palma, Spain, and we have been awarded with 3 nights (one secondary eclipse
1Available at http://www.astro.keele.ac.uk/ jkt/
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in J, H, and Ks-band)2.
New data was already acquired for a few more exoplanets of interest. We observed the
exoplanet HAT-P-20b (PI: P. Cruz; 1 night), in the Ks-band, also using LIRIS/WHT. Two
other objects were observed, HAT-P-26b and WASP-48b (PI: D. Barrado; 1 night each),
using OMEGA2000/CAHA, also in the Ks-band.
By performing differential photometry, these data will be analyzed following the same
procedure described in this thesis. The data will provide constraints on the structure of these
planets atmospheres. WTS-2b and WASP-48b, receive an intense stellar irradiation, which
could affect directly their upper atmospheres, and HAT-P-20b and HAT-P-26b are placed in
the region of low irradiated exoplanets (Fig. 10.1). These new data could help us test the
relation between the presence of a thermal inversion with high irradiation levels, as proposed
by Fortney et al. (2008).
Figure 10.1: Planetary radius in function of incident radiation of known transiting exoplanets
with Ks-band secondary eclipse detection (colored circles). The already studied objects from
the CASE study are shown in blue. The new objects to be analyzed are presented in green.
This is an interesting subject in the exoplanetary field, and in each single study of the
atmospheres of close-orbiting exoplanets stands the opportunity of understanding these ex-
tremely hot worlds.
The future is promissing for the exoplanetary field. There are several space-based missions
planned with the purpose of detecting and characterizing the structure of exoplanets. The
2This run took place on September/2013 and the acquired data are under analysis.
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CHEOPS (CHaracterising ExOPlanet Satellite) and the TESS (Transiting Exoplanet Survey
Satellite) missions will hunt planets via the transit method, and they are both expected to
be launched in 2017-2018. The CHEOPS target list will be composed by stars previously
known to host a planet in order to search for co-aligned smaller mass planets with precise
photometric measurements. The TESS mission has as principal objective to detect small
planets (Earth and Super-Earth size planets) around bright stars, as they are best targets
for further characterization with ground-based telescopes.
The ongoing study on the thermal emission of exoplanets will be enhanced with the launch
of the JWST mission (James Webb Space Telescope), also in 2018. The JWST will allow
the detection of secondary eclipses in near-infrared with NIRCAM, from 0.6 to 5 µm, and
in the mid-infrared with MIRI, from 5 to 28 µm. These future observations will provide
higher precision detections of such eclipses in the near-IR when compared to the current
precision achieved from the ground. Moreover, the JWST wavelength coverage will reach
further in the mid-IR than reached by Spitzer/IRAC (8 µm), whixh will provide a more
complete characterization of the exoplanetary atmospheres.
Published papers
“Believe you can and you’re halfway there.”
Theodore Roosevelt
We only list papers published in international journals with peer review systems.
Papers as leading author
• A detection of the secondary eclipse of Qatar-1b in the Ks-band, Cruz, P., Bar-
rado, D., Lillo-Box, J., Diaz, M., Birkby, J., Lo´pez-Morales, M., Fortney, J. J., 2015,
submitted for publication in A&A
• Detection of the secondary eclipse of WASP-10b in the Ks-band,Cruz, P., Barrado,
D., Lillo-Box, J., Diaz, M. , Birkby, J., Lo´pez-Morales, M., Hodgkin, S., Fortney, J. J.,
2015, A&A, 574, A103
Contribution to other papers
• WTS-2 b: a hot Jupiter orbiting near its tidal destruction radius around a K-
dwarf, Birkby, J. L., Cappetta, M., Cruz, P., Koppenhoefer, J., Ivanyuk, O., Mustill,
A. J., Hodgkin, S. T., Pinfield, D. J., Sipo¨cz, B., Kova´cs, G., Saglia, R., Pavlenko, Y.,
Barrado, D., Bayo, A., Campbell, D., Catalan, S., Fossati, L., Ga´lvez-Ortiz, M.-C.,
Kenworthy, M., Lillo-Box, J., Mart´n, E. L., Mislis, D., de Mooij, E. J. W., Nefs, S.
V., Snellen, I. A. G., Stoev, H., Zendejas, J., del Burgo, C., Barnes, J., Goulding, N.,
Haswell, C. A., Kuznetsov, M., Lodieu, N., Murgas, F., Palle, E., Solano, E., Steele,
P., Tata, R., 2014, MNRAS, 440, 1470
• A sensitivity analysis of the WFCAM Transit Survey for short-period giant planets
around M dwarfs, Kova´cs, G., Hodgkin, S., Sipo¨cz, B., Pinfield, D., Barrado, D.,
Birkby, J., Cappetta, M., Cruz, P., Koppenhoefer, J., Mart´ın, E.L., Murgas, F., Nefs,
B., Saglia, R., Zendejas, J., 2013, MNRAS, 433, 889
• Properties of ultra-cool dwarfs with Gaia. An assessment of the accuracy for the
temperature determination, Sarro, L. M., Berihuete, A., Carrio´n, C., Barrado, D.,
Cruz, P., Isasi, Y., 2013, A&A, 550, A44
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• The first planet detected in the WTS: an inflated hot-Jupiter in a 3.35 day orbit
around a late F-star, Cappetta, M., Saglia, R.P., Birkby, J.L., Koppenhoefer, J.,
Pinfield, D.J., Hodgkin, S.T., Cruz, P., Kova´cs, G., Sipo¨cz, B., Barrado, D., Nefs,
B., Pavlenko, Y.V., Fossati, L., del Burgo, C., Mart´n, E.L., Snellen, I., Barnes, J.,
Campbell, D., Catalan, S., Ga´lvez-Ortiz, M.C., Goulding. N., Haswell, C., Ivanyuk. O.,
Jones, H., Kuznetsov, M., Lodieu, N., Marocco, F., Mislis, D., Murgas, F., Napiwotzki,
R., Palle, E., Pollacco, D., Sarro Baro, L., Solano, E., Steele, P., Stoev, H., Tata, R.,
Zendejas, J., 2012, MNRAS, 427, 1877
• First T dwarfs in the VISTA Hemisphere Survey, Lodieu, N., Burningham, B., Day-
Jones, A., Scholz, R.-D., Marocco, F., Koposov, S., Barrado y Navascue´s, D., Lucas, P.
W., Cruz, P., Lillo, J., Jones, H., Perez-Garrido, A., Ruiz, M. T., Pinfield, D., Rebolo,
R., Be´jar, V. J. S., Boudreault, S., Emerson, J. P., Banerji, M., Gonza´lez-Solares, E.,
Hodgkin, S. T., McMahon, R., Canty, J., Contreras, C., 2012, A&A, 548, A53
• Discovery and characterization of detached M dwarf eclipsing binaries in the WF-
CAM Transit Survey, Birkby, J., Nefs, B., Hodgkin, S., Kova´cs, G., Sipo¨cz, B., Pin-
field, D., Snellen, I., Mislis, D., Murgas, F., Lodieu, N., de Mooij, E., Goulding, N.,
Cruz, P., Stoev, H., Cappetta, M., Palle, E., Barrado, D., Saglia, R., Martin, E.,
Pavlenko, Y., 2012, MNRAS, 426, 1507
• Four ultra-short-period eclipsing M-dwarf binaries in the WFCAM Transit Survey,
Nefs, S. V., Birkby, J. L., Snellen, I. A. G., Hodgkin, S. T., Pinfield, D. J., Sipo¨cz, B.,
Kova´cs, G., Mislis, D., Saglia, R. P., Koppenhoefer, J., Cruz, P., Barrado, D., Martin,
E. L., Goulding, N., Stoev, H., Zendejas, J., del Burgo, C., Cappetta, M., Pavlenko, Y.
V., 2012, MNRAS, 425, 950
I led the first two papers from the above list. The conten of both papers were fully presented
in Chapt. 4 and 5. The contribution I performed in the works by Cappetta et al. (2012) and
Birkby et al. (2014) were already described in Chapt. 3. In short words, a summary of my
collaboration to the other refereed papers are mentioned below.
My direct participation in the WFCAM Transit Survey was dedicated to collect and
analyze low-resolution spectroscopic data of the best planet-host candidates identified by
this survey, in order to characterize these objects. A few other objects of interest were
also studied, such as interesting eclipsing binaries (EBs). The characterization was firstly
performed with the help of the VOSA tool. Secondly the following analysis was done in
two different ways. The spectral typing of M-dwarf stars was done with the use of several
spectral indices, for example, the Ratio A index (7020-7050 A˚/6960-6990 A˚) by Kirkpatrick
et al. (1991). The FGK-dwarf stars went through similar analyses described in Chapt. 3,
where the observed spectra were compared to the library of synthetic spectra by Coelho et
al. (2005).
A global analysis of the results of this collection of stellar characterization was included
in three published papers listed above, namelly: Nefs et al. (2012), Birkby et al. (2012) and
Kova´cs et al. (2013).
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I also dedicated part of my time to cooler objects, like L and T dwarfs, resulting in two
more collaborations: Lodieu et al. (2012) and Sarro et al. (2013). In fact, it was focused on
the study of available libraries of synthetic spectra suitable for such low effective temperature
range.
Sarro et al. (2013) was a work dedicated to the Gaia processing pipeline devoted to the
characterization of ultra-cool dwarfs. I was responsible for the generation of spectra of known
L and T dwarfs in the wavelength range operated by Gaia red spectrophotometer (640-1000
nm). Since none of the known ultra-cool dwarfs observed with ground-based telescopes
covers this wavelength range in a comprehensive way, it was necessary to complete them
with models before simulating the Gaia observations. I used the available spectra models
from the AMES-Cond, AMES-Dusty (Allard et al. 2001), and BT-Settl (Allard et al. 2003)
libraries. In all cases, the BT-Settl model produced a χ2 statistic superior or comparable to
the COND/DUSTY models.
Thus, as can be appreciated in the list of papers, I have not only dominated the technique
of secondary eclipses, leading the analysis, but I have developed complementary tools and
participated in a substantial number of wide collaborations.
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